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Since  ihe  turn  of  this  century  the  art 
of  wind  tunnel  testing  has  progressed 
very  rapidly.  During  the  I930's  the 
design  and  construction  of  supersonic 
wind  tunnels  was  mastered  and  rapid 
progress  was  made  in  establishing  test 
flows  of  good  quality  and  steadily 
increasing  supersonic  Mach  numbers. 
The  Mach  number  range  around  sonic 
speed,  however,  exhibits  unusual  ditfl- 
cultics,  both  in  the  design  of  aeroplanes 
as  well  as  that  of  wind  tunnels.  The 
difficulty  is  caused  by  the  well  known 
aerodynamic  fact  that  in  the  transonic 
speed  range  the  flow  changes  its 
character  from  a  “single  type  flow", 
either  subsonic  or  supersonic,  to  a 
“mixed-type  flow"  with  local  super¬ 
sonic  fields  imbedded  in  subsonic  flow 
or  local  subsonic  fields  imbedded  in 
supersonic  flow. 

The  transonic  speed  range  depends 
more  than  either  the  subsonic  or  super¬ 
sonic  speed  ranges  on  experiments  to 
provide  the  required  aerodynamic 
information  for  airplane  and  missile 
designers.  This  AGARDograph  pre¬ 
sents  a  review  of  the  extensive  efforts 
made  during  the  last  15  years  to  develop 
practical  transonic  wind  tunnels  and 
discusses  their  performance  and 
limitations.  Emphasis  is  placed  on  the 
design  and  operational  characteristics 
of  both  types  of  modern  transonic 
wind  tunnels,  that  is,  on  wind  tunnels 
with  either  longitudinally  slotted  or 
perforated  test  sections.  Each  chapter 
of  this  volume  has  been  made  as 
complete  as  possible,  with  its  own 
series  of  figures  and  a  separate  list  of 
references  and  bibliographical  material. 
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FOREWORD 


Transonic:  aerodynamics  and  especially  transonic  wind  tunnel  testing  con¬ 
stituted  for  a  long  time  one  of  the  critical  chapters  of  aerodynamic  science. 
The  theoretical  reason  can  be  easily  seen :  purely  subsonic  and  purely  super¬ 
sonic  flows  can  be  described  by  approximate  solutions  derived  from  linear 
differential  equations;  therefore  scaling  rules  and  fundamental  properties  of 
such  flows  can  l>c  described  in  physical  terms,  which  can  be  visualized  in  a 
relatively  easy  manner.  If  we  have  to  deal  with  a  flow  in  the  transonic  re¬ 
gime,  the  similarity  laws  and  scaling  rules  are  not  directly  apparent  and  the 
measurements  Ijecome  highly  dependent  on  the  ratio  between  dimensions  of 
the  wind  tunnel  and  the  dimensions  of  the  model.  The  first  observations 
showed,  for  example,  a  rapid  increase  of  the  drag  of  wing  profile  as  the  speed 
approached  the  sound  velocity;  however,  the  value  of  thespieed  at  which  this 
drag  increase  occurred,  and  its  magnitude,  depended  more  on  the  character¬ 
istics  of  the  wind  tunnel  than  on  the  characteristics  of  the  wing  profile.  Some 
of  the  quite  experienced  experimentalists  published  test  results  before  they 
realized  the  enormous  influence  of  wind  tunnel  effects. 

But  even  today  with  all  the  experiences  derived  from  a  large  number  of 
interesting  publications,  a  comprehensive  study  of  the  problems  of  transonic 
wind  tunnel  testing  has  a  great  value.  I  am  convinced  that  active  workers  in 
this  field,  as  well  as  students,  should  find  the  present  work  of  considerable  in¬ 
terest  and  value,  combining  as  it  does  vast  knowledge  and  broad  recent  ex¬ 
perience. 

Th.  von  Karman 
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CHAPTER  1 


INTRODUCTION 

Since  the  tuni  of  this  century  the  art  of  wind  tunnel  testing  has  progressed 
very  rapidly.  In  the  course  of  the  development  cycle  from  small,  low-speed 
wind  tunnels  to  the  large,  high-speed  wind  tunnels  of  the  1930*s  and  40’s, 
the  aerodynamic  design  problems  remained  essentially  the  same,  and  the 
mechanical  construction  of  the  tunnels  was  readily  accomplished  on  the 
basis  of  the  general  knowledge  in  this  field.  During  the  1930*s,  the  design 
and  construction  of  supersonic  wind  tunnels  was  also  mastered  by  several 
independent  groups  of  investigators,  and  rapid  progress  was  made  in  estab¬ 
lishing  test  flows  of  g(X)d  quality  and  steadily  increasing  supersonic  Mach 
numbers. 

'I'he  Mach  number  range  around  sonic  speed,  however,  exhibits  unusual 
difliculties,  Ixith  in  the  design  of  airplanes  as  well  as  in  that  of  wind  tunnels. 
This  difflculty  is  caused  by  the  well-known  aerodynamic  fact  that  in  the 
transonic  speed  range  the  flow^  changes  its  character  from  a  “single-t>^p>e 
flow”,  cither  subsonic  or  supersonic,  to  a  “mixed-type  flow”  with  local 
supersonic  fields  imbedded  in  subsonic  flow  or  local  subsonic  fields  imbedded 
in  supersonic  flow.  Even  today,  the  complexity  of  transonic  flow  has  made  it 
impossible  to  establish  simple  transonic  theories  with  which  the  charac¬ 
teristics  of  airplanes  or  components  can  be  reliably  predicted.  Consequently, 
the  transonic  speed  range  depends  more  than  either  the  subsonic  or  the 
supersonic  speed  ranges  on  experiments  to  provide  the  required  aerodynamic 
information  for  airplane  and  missile  designers. 

Obviously  the  reliability  and  the  limits  of  wind  tunnel  testing  must  be 
thoroughly  understood  before  the  results  of  such  tests  can  be  safely  applied 
to  airplane  design.  "J'hi.s  rather  general  requirement  is  much  more  pro¬ 
nounced  in  the  transonic  than  in  either  the  subsonic  or  supersonic  speed 
ranges  because  the  transonic  w^ind  tunnels  developed  to  date  are  very 
sensitive  w^ith  respect  to  the  arrangement  of  slots,  perforation  pattern, 
model  size,  etc. 

This  ACi.\RDograph  therefore  presents  a  review'  of  the  extensive  efforts 
made  during  the  last  15  years  to  develop  practical  transonic  wind  tunnels 
and  discusses  their  performance  and  their  limitations.  Emphasis  is  placed 
on  the  design  and  operational  characteristics  of  lx>th  types  of  mixlcrn 
transonic  wind  tunnels,  that  is,  on  wind  tunnels  with  either  longitudinally 
slotted  or  perforated  test  sections.  Each  chapter  of  the  AG/VRDograph  has 
been  made  as  complete  as  possible,  w'ith  its  ow'n  series  of  figures  and  a 
separate  list  of  references  and  bibliographical  material. 
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CHAPTER  2 


REVIEW  OF  THE  HISTORY  OF  TRANSONIC 
TEST  FACILITY  DEVELOPMENT 

1.  LOW- SPEED  WIND  TUNNELS 

a.  Period  before  1930 

An  appraisal  of  the  advances  in  wind  tunnel  test  techniques  can  be 
readily  obtained  by  comparing  the  modern  wind  tunnel  facilities  with  their 
historical  predecessors.  For  example,  test  equipment  such  as  the  wind  tunnel 
built  and  used  by  the  Wright  Brothers  in  the  early  1900’s  paved  the  way  for 
the  development  of  the  early  flying  machines  of  this  century.  Since  the  basic 
problems  were  very  elementary,  relatively  crude  wind  tunnels  sufficed  to 
provide  the  required  information.  The  Wright  Brothers*  wind  tunnel  (see 
Fig.  2.1),  for  instance,  was  used  to  provide  basic  information  on  the  lifting 
characteristic  of  wings,  on  the  drag  of  the  wings  and  the  entire  flying  article, 
and  particularly  on  the  center  of  pressure  and  its  location  and  shifting, 
which  are  so  vitally  important  to  the  stability  and  control  of  an  airplane 
(Fig.  2.2). 

After  they  had  succeeded  in  l)uilding  and  flying  the  first  airplanes  of  this 
century,  the  inventors  and  engineers  of  the  period  required  more  refined 
wind  tunnels.  Subsequently  Eiffel  developed  the  “open  return”  type  wind 
tunnel  in  France  and  Prandtl  the  “closed  return”  type  wind  tunnel  in 
Germany.  Problems  investigated  in  these  wind  tunnels  were  concerned 
with  the  effectiveness  of  wing  contours,  the  lift  distribution  in  chord  and 
spanwise  directions,  wing-planform  influence,  control,  etc.  The  foundations 
of  our  knowledge  of  aerodynamic  drag  were  established;  and  its  principal 
categories,  that  is,  pressure  drag  which  is  produced  mainly  by  wing  tip 
vortices  (induced  drag)  and  by  separation  of  the  flow,  and  surface  friction 
were  explored.  Wind  tunnels  of  this  f>criod  had  a  more  uniform  flow,  less 
turbulence,  and  more  precise  measuring  equipment  to  determine  the  forces 
and  pressures  acting  on  the  wing  surfaces  than  did  those  of  the  earlier 
period. 

The  engineering  efforts  before  approximately  1930,  including  extensive 
use  of  wind  tunnels,  had  as  the  end  product  an  airplane  from  which  most 
unnecessary'  external  structural  elements  such  as  wing  struts,  landing  gear, 
and  unshrouded  engine  installations  had  been  eliminated.  Aerodynamically 
clean  aircraft  with  smooth  wings  and  fuselage,  and  shrouded  engine  instal¬ 
lations  were  produced  for  numerous  commercial  uses  (Fig.  2.3). 

h.  Period  after  1930 

After  the  external  drag  of  the  airplanes  had  been  largely  reduced,  further 
progress  was  made  by  reducing  the  wing  area  and  by  making  the  airplane 
surfaces  as  smooth  as  possible.  The  influence  of  wing  roughness,  rivets, 
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steps  in  the  contours,  etc.,  was  considered  in  the  research  for  further  im¬ 
provements.  It  became  necessary  to  conduct  rclial)le  investigations  of  these 
individually  small  effects  which  could,  in  their  entirety,  result  in  large 
performance  improvements.  Hence,  the  period  of  the  1930’s  is  character¬ 
ized  by  the  development  of  large  wind  tunnels  in  which  full-scale  aircraft 
or  full-scale  components  could  be  tested  to  provide  reliable  information  on 


Fig.  2.1.  Wright  Brothers'  wind  tunnel  {1900), 
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small-scale  disturbances.  The  wind  tunnels  of  this  era  are,  for  instance,  the 
large  30  x  60  ft  wind  tunnel  of  the  NACA  at  Langley  Field,  \"irginia,  and 
similar  wind  tunnels  at  Berlin,  Paris  (Fig.  2.4),  and  other  places. 

The  product  of  this  era  of  aerodynamic  progress  was  the  clean  airplane 
achieved  at  the  end  of  the  1930’s  and  at  the  beginning  of  the  1940’s  (Fig. 
2.5).  Wing  areas  had  been  reduced  to  a  minimum,  compatible  with  flight 
performance  and  take-off  characteristics  and  with  full  utilization  of  various 
lift  augmenting  devices  such  as  trailing  and  leading-edge  flaps. 


Fio.  2.3.  Airplane  of  the  1930*s — fteriod  preceding  the  DC-3, 


During  the  1930’s  it  was  also  recognized,  on  the  basis  of  theoretical  and 
experimental  work,  that  one  predominant  part  of  the  airplane  drag  was  the 
turbulent  boundary  layer  drag.  Sizable  reductions  of  this  drag  could  be 
achieved  when  the  turbulence  of  the  boundary  layer  could  be  eliminated, 
and  laminar  boundarv^  layer  flow  could  be  established.  To  study  this 
peculiar  effect  it  was  necessary  to  develop  wind  tunnels  with  exceptionally 
smooth  flow.  The  turbulence  generally  inherent  in  conventional  wind  tunnel 
flow  makes  it  nearly  impossible  to  investigate  aerodynamically  smooth 
airplane  models  with  proper  simulation  of  free  flight  in  the  turbulence-free 
atmosphere.  As  a  result,  a  number  of  special  wind  tunnels  were  designed  at 
the  end  of  the  1930’s  and  during  the  1940*s  to  investigate  the  laminar  friction 
effect.  Wind  tunnels  of  this  type  were  characterized  mainly  by  large  con¬ 
traction  ratios,  the  installation  of  several  fine-mesh  turbulence  screens,  and 
careful  contouring  of  the  inlet  nozzle  as  well  as  the  diffuser  behind  the  test 
section. 

At  the  present  time,  that  is,  around  1960,  we  are  still  in  the  midst  of  at¬ 
tempts  to  exploit  the  definitely  demonstrated  opportunity  of  significantly 
reducing  the  drag  of  a  subsonic  airplane  (mainly  its  friction  drag)  by  stabi¬ 
lizing  the  laminar  boundary  layer. 
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a.  Test  section  of  \ AC  A  Langley  30  x  60 ft  wind  tunnel  with  model  installation. 


b.  Open-circuit  wind  tunnel  at  Chalais-Meudon,  France. 

Fig.  2.4.  Large  wind  tunnels  of  the  1930*s — period  for  tests  Oj 
full-scale  airplanes. 
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2.  HIGH-SPEED  SUBSONIC  WIND  TUNNELS 
a.  General  consideration  of  compressibility  effect 

The  wind  tunnels  used  to  develop  aircraft  before  the  early  1940’s  were 
not  designed  for  a  study  of  the  compressibility  effect  of  the  air.  At  the  flight 
speeds  of  most  airplanes  of  that  time  (only  a  few  of  them  exceeded  velocities 
of  50  or  60  per  cent  of  sonic  speed),  the  air  behaves  much  like  an  incom¬ 
pressible  fluid.  This  fact  can  be  readily  recognized  by  considering  the 
density  of  air  at  various  flight  Mach  numbers  in  comparison  with  the 
stagnation  point  density: 


Density  Changes  at  Various  Flight  Speeds 


Speed  at  Sea  Levels 
m.p.h. 

AJach  No, 

Density  Change^ 
Aplpo,  per  cent 

304 

0.40 

7.6 

456 

0.60 

15.9 

608 

0.80 

26.0 

760 

1.00 

36.6 

It  is  readily  seen  from  this  table  that  at  flight  speeds  corresponding  to 
Mach  number  of  0.50  the  compressibility  of  the  air  can  be  taken  into 
consideration  by  a  small  correction.  Thus  reliable  results  can  be  obtained 
in  practically  incompressible  flow,  that  is,  in  low-speed  wind  tunnels. 
However,  the  table  also  shows  that  the  density  change  grows  very  rapidly 
and  becomes  a  major  parameter  when  flight  Mach  numbers  of  0.6  arc 
exceeded.  Hence,  at  the  end  of  30  years,  when  the  trend  of  the  fast  airplanes 
of  that  period  (fighter  and  bomber  aircraft)  was  toward  maximum  flight 
sp>ceds  approaching  sonic  speed,  the  need  for  reliable  aerodynamic  design 
information  resulted  in  major  efforts  to  develop  high  speed  wind  tunnels. 

b»  Closed  wind  tunnels 

In  the  1930’s,  experimental  research  in  small  high  speed  subsonic  wind 
tunnels  was  begun  in  order  to  obtain  insight  into  the  manner  in  which  the 
characteristics  of  airplane  components  are  influenced  by  the  compressibility 
of  the  air.  Typical  small  wind  tunnels  of  this  period  are  the  wind  tunnels  of 
the  NACA  in  the  United  States  and  the  w^ind  tunnels  of  the  Aerodynamic 
Research  Institute  at  Goettingen  (supported  by  the  theoretical  work  of 
Prandtl  and  Buseman).  'Fhe  first  experimental  information  on  the  pressure 
distribution  and  the  characteristics  of  simple  two-dimensional  wing  sections 
at  high  subsonic  speeds  was  obtained  in  these  small  wind  tunnels.  Drastic 
changes  in  drag,  lift,  and  center-of-pressure  location  and  its  dependence  on 
wing  thickness,  camber,  and  thickness  distribution  were  documented  in  a 
cursory’  manner  for  the  first  time. 

Testing  in  these  small  wind  tunnels  revealed  such  significant  aerodynamic 
changes  that  extraordinary  efforts  were  soon  made  in  several  countries  to 
investigate  the  observed  effects  more  reliably  in  wind  tunnels  of  larger  scale. 
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a.  View  downstream  into  test  section. 


b.  Research  wing  installation. 

Fig.  2.6.  High-speed  wind  tunnel  {2.7  m  diameter)  of  the  DVL, 
Berliny  Germany  {1939). 
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In  Berlin  the  DVL,  the  first  large  wind  tunnel  (2.7  m  diam)  with  velocities 
up  to  choking,  started  operation  early  in  1939  (Fig.  2.6).  In  the  United 
States,  several  w'ind  tunnels  approximately  8  ft  in  diameter  were  put  into 
operation  by  the  NAC.‘\  in  1940.  Wind  tunnels  of  this  type  provided  the 
information  required  to  develop  the  high-speed  military  aircraft  used  in 
World  War  II. 

This  period  of  airplane  development  was  characterized  by  a  rapid 
improvement  in  performance  made  possible  by  the  advent  of  the  turbojet 


b.  Messerschmitt  262  (1941), 
Fig.  2.7.  First  jet-powered  airplanes. 
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engine.  The  ncw-lypc  engine  provided  a  much  more  powerful  and  efficient 
propulsion  system  at  the  high  speeds  involved  than  the  reciprocating 
engine-propeller  system  (Fig.  2.7).  Also  the  aerodynamic  shape  of  the 
airplanes  of  this  period  was  so  clean  that,  in  slightly  descending  trajectories 
(not  considering  steep  dives),  it  was  possible  to  obtain  velocities  which 
approached  sonic  speed.  The  flight  tests  paralleling  the  tunnel  investigations 
showed  a  tremendous  increase  in  drag  and  unpredictable  behavior  of  the 
airplanes,  coupled  with  ineffectiveness  or  reversal  of  the  controls,  near  sonic 
speeds.  This  period  of  development  was  marked  by  many  total  losses  of 
airplanes  caused  by  disintegration  of  structural  comp)oncnts  caused  by 
changes  in  the  pressure  distribution  or  by  the  inability  of  the  airplane 
controls  to  maintain  level  flight. 

During  these  years  the  pressure  on  wind  tunnel  operators  was  very  great 
to  provide  test  facilities  in  which  the  behavior  of  airplanes  could  be  studied 
at  speeds  immediately  below  and  through  sonic  speed.  Normal  closed-type 
wind  tunnels  could  not  provide  the  required  aerodynamic  information  in 
the  speed  range  close  to  Mach  number  one  because  of  the  choking  pheno¬ 
menon.  The  difficult  situation  facing  the  wind  tunnel  operators  can  best  be 
described  by  a  cursory  review  of  the  permissible  blockage  of  a  model  at 
high  subsonic  Mach  numl^ers  (blockage  calculated  for  one-dimensional 
flow) : 


Blockage  for  Choking  in  Closed  II  ^ind  Tunnels 
10 ft  Wind  Tunnel  {Circular) 


1 

Mach 

1 

Blockage^ 

/ter  cent 

Wing 

Thickness,  in. 

Fuselage 
Diam.,  in. 

0.8 

3.7 

3.5  : 

1  23.1 

0.9 

0.88 

0.83  < 

1  11.2 

0.92 

0.56 

0.53 

8.9 

0.94 

0.31 

1  0.29 

6.7 

o.% 

0.14 

1  0.13 

4.5 

0.98 

0.03 

1  0.03 

2.1 

l.OO 

0.0  1 

0.0 

0.0 

The  table  show's  that  two-dimensional  wing  tests  become  practically 
imp)ossiblc  in  closed  wdnd  tunnels  at  speeds  above  Mach  number  0.90.  In 
the  case  of  fuselage  models  with  circular  cross  sections,  the  problem  is 
somewhat  less  acute  since,  at  Mach  number  0.90  a  fuselage  nearly  1  ft  in 
diameter  can  still  be  tested  in  a  closed  wind  tunnel  as  can  a  fuselage  of 
6.7  in.  diam  at  a  Mach  number  of  0.94. 

It  is  obvious,  however,  that  in  closed  wind  tunnels  the  model  size  rapidly 
becomes  impracticably  small  when  sonic  speed  is  approached.  Conse¬ 
quently,  during  the  1940’s  much  emphasis  was  placed  on  developing  other 
types  of  wind  tunnels  or  test  facilities  which  could  provide  the  required 
aerodynamic  information. 
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c.  Open-jet  wind  tunnels 

In  order  to  alleviate  the  choking  phenomenon,  frequent  attempts  were 
made  to  investigate  the  transonic  aerodynamic  problems  in  open-jet  wind 
tunnels.  These  attempts,  made  principally  in  the  late  1930’s  and  early 
1940*s,  did  not  prove  successful.  The  failure  was  the  result  of  difficulties 
connected  with  the  strong  tendency  of  open-jet  tunnels  to  develop  pulsations 
in  the  test-section  flow.  These  pulsations  originated  in  the  turbulence  of  the 
mixing  layer  along  the  jet  boundaries  and  made  the  flow  around  the  model 
and  its  shock  waves  very  unsteady.  Also,  tests  in  open-jet  wind  tunnels, 
even  when  the  pressure  in  the  surrounding  open  chamber  was  kept  at  a 
known  static  pressure  (for  example,  corresponding  to  Mach  number  one), 
required  the  application  of  a  Mach  number  correction  of  unknow^n  magni¬ 
tude.  Added  to  this  were  the  large  power  requirements  of  open-jet  w4nd 
tunnels,  which  again  can  be  traced  i>ack  to  the  mixing  layer  of  the  jet 
boundaries  and  the  resulting  low  diffuser  efficiency.  It  is  therefore  under¬ 
standable  that  serious  consideration  of  this  type  of  w4nd  tunnel  was  dropped 
at  an  early  stage.  Attention  w'as  again  concentrated  on  the  closed  w4nd 
tunnel  w  hich,  if  extremely  small  models  w^re  used,  allowed  sonic  speed  to 
be  approached  from  below*  and  from  alx>ve;  how'cver,  a  gap  w^as  left  which 
was  unsuitable  for  the  acquisition  of  test  data. 

3.  DROP  TESTS 

In  order  to  obtain  interference-free  experimental  data  on  the  character¬ 
istics  of  airplane  components  in  the  critical  speed  range  near  Mach  number 
one,  efforts  w'cre  made  beginning  around  1941  and  continuing  for  several 
years  to  deduce  such  data  from  tests  with  unpK>w'ered  models  dropped  from 
high  altitudes.  The  model  trajectory  was  measured  by  means  of  ground- 
based  optical  observ'ation  stations  or  by  built-in  telemetry  instrumentation, 
and  the  velocity,  acceleration  or  deceleration,  and  aerodynamic  forces  w'crc 
determined. 

Some  typical  tests  of  this  period  were  conducted  in  the  DVL,  Berlin,  with 
bodies  of  revolution.^  By  using  the  ultra-high-altitudc  aircraft  of  this  period 
(maximum  altitude  close  to  50,000  ft)  and  dropping  several  models  w’ith  the 
same  external  shape  but  different  weights,  it  w^as  possible  to  obtain  aero¬ 
dynamic  data  in  the  critical  speed  range,  as  depicted  in  Fig.  2.8.  The 
accuracy  of  these  data  is  quite  satisfactory.  Other  model  shapes  were  also 
examined  using  the  same  method;  one  had  rectangular  and  swept-back 
w’ings  stabilized  by  means  of  long  cylindrical  centerbodics  with  small  thin 
tail  surfaces.  Interference-free  drag  and  other  aerodynamic  data  were 
obtained  for  such  model  shapes. 

The  method  of  free-flight  model  testing  was  subsequently  greatly  im¬ 
proved,  particularly  by  activities  carried  on  in  the  United  States.  Models 
were  equipped  w4th  their  own  powder  supply,  usually  rockets,  so  that  they 
would  accelerate  to  large  velocities  when  launched  from  the  ground.'^  In 
these  tests,  the  lxx)ster,  prop)erly  equipj)ed  with  test  surfaces,  could  serve 
as  the  test  model,  or  the  lxx>ster  could  l>e  used  to  launch  a  highly  instru- 
mentated  test  model  into  the  air  where  it  would  separate  from  the  model 
after  the  boost  phase,  lest  data  could  then  be  obtained  for  the  separated 
model  alone. 
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The  advantages  of  the  free-flight  model  testing  technique  lie  in  the  fact 
that  there  is  no  possibility  of  wall  interference  effects,  as  in  wind  tunnels. 
Large  models  of  airplanes  or  missiles  can  be  used  to  provide  reliable  stability 
and  control  data  of  both  the  static  and  the  dynamic  type.  However,  such 


Fig.  2.8.  Drag  coefficient  of  body  of  revolution  with  stability  fins  from 
drop  tests  {1944),^ 

tests  are  ver>'  expensive,  and  the  production  of  test  data  is  relatively  slow. 
Also  the  number  of  parameters  for  which  information  can  be  obtained 
(pressures,  forces,  moments,  etc.)  is  relatively  limited  in  comparison  with 
the  abundant  possibilities  offered  in  ground  test  facilities. 

The  free-flight  model  testing  technique,  therefore,  even  though  it  is  still 
used  today,  is  used  only  for  special  problems.  These  special  problems  are 
mainly  concerned  with  the  dynamic  stability  of  airplanes  or  missiles  or 
with  the  establishment  of  reference  data  to  check  the  reliability  of  wind 
tunnel  data  in  cases  of  sensitive  flow  conditions. 

4.  ROTATING  RIGS 

During  the  search  for  cx|>erimental  methods  suitable  for  exploration  of 
the  transonic  speed  range,  it  was  frequently  suggested  that  rotating  rigs  be 
built.  With  such  rigs,  the  models  were  mounted  on  a  rotating  arm  and  were 
thus  subjected  to  high  relative  velocities.  Usually  the  disturbances  by  the 
wake  of  the  model  flow  were  reduced  by  superp)osing  a  small  perpendicular 
flow  to  remove  the  wake  from  the  path  of  the  model  during  the  succeeding 
revolutions. 

Successful  applications  of  this  test  method  are  known  only  in  cases  of 
small,  very  simple  models.  In  the  test  rig  of  the  NAC.\,  for  instance,  a 
diamond-shaped  two-dimensional  wing  was  investigated  through  the  tran¬ 
sonic  speed  range.  The  data  obtained  compared  quite  well  with  the  values 
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predicted  by  theory  and  supported  the  validity  of  these  theoretical  methods, 
especially  at  Mach  number  one  (Fig.  2.9). 

However,  because  of  the  overall  complexity  and  the  influence  of  the  rela¬ 
tive  curvature  of  the  test  flow,  the  application  of  the  whirling-arm  method 
has  not  been  extensive.  It  has  generally  been  restricted  to  use  in  research 
investigations  of  simple  two-dimensional  airfoil  shapes  similar  to  that  dis¬ 
cussed  above. 


1 


b.  Photograph  of  airfoil  installed. 

Fig.  2.9.  The  tangly  annular  transonic  tunnel  (rotating  rig)  (1948).^ 


5.  TRANSONIC  TESTING  WITH  WING-FLOW  TECHNIQUE 
a.  Wing-flow  technique  with  airplanes  in  free  flight 

The  technique  of  wing-flow  testing  stemmed  from  the  urgent  need  w'hich 
arose  during  the  1940’s  to  provide  aerodynamic  information  in  the  transonic 
speed  range  from  slightly  below  Mach  number  one  to  low'  supersonic  Mach 
numbers.  It  makes  use  of  the  fact  that  a  local  high-velocity  field  occurs 
around  the  wing  with  considerably  higher  Mach  numbers  than  the  free- 
flight  Mach  number.  For  instance,  a  typical  airplane  wing  will  have  devel¬ 
oped  local  supersonic  disturbance  fields  w'hen  the  flight  Mach  number  is 
still  as  low  as  0.7  or  slightly  above.  Thus,  by  flying  an  airplane  in  the  speed 
range  of  Mach  numbers  0.7  or  0.75  and  placing  a  model  on  the  wing  in 
the  region  of  the  local  high  Mach  number  field,  aerodynamic  information 
can  be  obtained  about  model  characteristics  in  the  critical  transonic  Mach 
number  range.  A  picture  of  such  an  installation  is  given  in  Fig.  2.10.  Numer¬ 
ous  tests  of  this  type  were  conducted  in  the  United  States  during  the  1940’s 
by  the  NACA.4  ' 
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The  advantage  of  this  method  was  that  for  the  first  time  it  was  possible 
to  obtain  aerodynamic  data  concerning  the  overall  forces  and  the  pressure 
distribution  for  wings  and  other  model  components  through  the  critical 
transonic  speed  range.  On  the  other  hand,  the  disadvantages  of  the  method 
are  very  apparent.  It  has  all  the  difficulties  associated  with  flight  tests  of 


Fig.  2.10.  Wing-flow  method  demonstrated  by  model  mounted  on  wing  of 
P-51  D  airplane  (1947),* 


full-scale  airplanes.  Also,  the  low  rate  of  data  collection  and  the  high  cost 
of  operation  weigh  heavily  against  it.  Obviously  only  very  small  models 
can  be  used  and  the  resulting  low  Reynolds  numbers  contribute  to  further 
uncertainty  in  the  evaluation  of  such  data.  In  addition,  the  most  serious 
handicap  of  the  wing-flow  method  derives  from  the  non-uniformity  of  the 
flow  field  in  which  the  model  is  placed.  In  contrast  to  the  uniform  flow 
existing  in  good  wind  tunnels,  in  the  wing-flow'  method  the  model  is  exposed 
to  a  test  flow  field  which  has  velocity  gradients  in  the  flow  direction  and 
perpendicular  to  it.  Since  near  Mach  number  one  the  flow  is  extremely 
sensitive  with  respiect  to  changes  in  stream  density,  the  reliability  of  test 
data  obtained  by  the  wing-flow  method  cannot  be  readily  assessed.  As  a 
consequence,  this  method  was  completely  abandoned  as  soon  as  more 
reliable  test  methods  became  available. 

b.  Wing-flow  technique  using  bumps  in  wind  tunnels 

The  transonic  bump  technique  in  wind  tunnels  represents  an  exact  parallel 
to  the  wing-flow  method  in  flight  testing  described  in  the  preceding  para¬ 
graphs.  This  method,  which  was  employed  in  the  United  States  in  the 
1940’s,  provided  a  curved  surface  like  a  large  bump  in  a  subsonic  wind 
tunnel.  Along  this  curved  surface  or  bump,  a  disturbance  field  was  estab¬ 
lished  similar  to  that  occurring  above  an  airplane  wing.  Mach  numbers 
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extending  into  the  low  supersonic  range  could  be  established  in  the  local 
disturbance  field.  By  suitable  shaping  of  the  contour  of  the  bump,  the 


a.  Model  installation. 


STATION  ON  BUMP,  IN. 

b.  Local  Mach  number.  Mi,  in  model  area. 

Fig.  2.1 1.  Transonic  bump  in  JSfACA  7  x  10 Jl  wind  tunnel  (1951).^ 
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velocity  gradients  in  lx)th  the  horizontal  and  vertical  directions  could  be 
greatly  reduced.^*®  A  typical  installation  is  shown  in  Fig.  2.11a. 

This  method  had  the  advantage  that,  by  a  relatively  simple  modification 
of  an  existing  subsonic  wind  tunnel,  it  was  possible  to  ol)tain  aerodynamic 
data  in  the  range  from  high  subsonic  to  low  supersonic  Mach  numbers. 
Also  the  rate  of  data  collection  and  the  instrumentation  of  the  model  could 
be  more  complete  than  in  flight  tests  so  that  increased  data  accumulation 
could  be  accomplished. 

However,  the  method  did  not  eliminate  the  major  disadvantage  of  the 
wing-flow  method,  that  is,  only  relatively  small  mcxlels  could  be  installed. 
For  instance  in  the  /Vmes  16  ft  high-speed  wind  tunnel  of  the  XASA,  half¬ 
wing  models  with  a  half  span  of  no  more  than  18  in.  were  typical  instal¬ 
lations. ^  Also  the  uniformity  of  the  flow  was  subject  to  the  same  criticism 
discussed  before  (Fig.  2.1  lb). 

Thus  the  bump  method  of  wind  tunnel  testing  was  also  completely  aban¬ 
doned  as  scx>n  as  more  eflicienl  transonic  wind  tunnels  could  l>e  established. 

6.  TRANSONIC  TF:STING  IN  CLOSED  WIND  TUNNELS 
WITH  MOVABLE  SIDEWALLS 

During  the  search  for  a  suitable  transonic  test  method,  some  subsonic  wind 
tunnels  were  modified  in  the  late  1940’s  to  provide  low'  supersonic  velocities. 
These  mtxJihcations  were  made  in  a  crude  but  simple  manner.  The  purj>ose 
was  to  provide  in  one  wind  tunnel  the  possibility  of  gathering  information 
in  lx)th  the  subsonic  speed  range  close  to  Mach  number  one  and  the  super¬ 
sonic  speed  range  beginning  at  a  Mach  number  slightly  above  one.  Only  a 
narrow  gap  around  Mach  number  one  remained  in  which  no  data  could  l)c 
collected. 

An  example  of  a  wind  tunnel  of  this  type  is  the  Wright  Field  10  ft  wind 
tunnel  as  it  was  during  its  initial  phase  of  operation  with  solid  walls  (Fig. 
2.12a  and  Ref.  8).  In  this  tunnel,  movable  sidewalls  were  provided  to  in¬ 
crease  the  effective  flow  area  in  the  test  section  downstream  of  the  throat 
and  to  thus  establish  supersonic  flow'  in  the  test  region.  The  models  naturally 
had  to  be  very  small,  first  to  avoid  excessive  flow  distortion  in  the  high 
subsonic  Mach  number  range  and  second,  to  avoid  interference  effects  due 
to  shock  reflection  on  the  solid  tunnel  w'alls. 

'Fhc  velocity  distribution  for  the  Wright  Field  10  ft  wind  tunnel  for 
various  settings  of  the  sidewalls  arc  indicated  in  Fig.  2.12b.  With  a  model 
4  ft  long,  a  Mach  number  non-uniformity  of  no  more  than  ±  1.0  p>cr  cent 
occurred  at  the  highest  attainable  test  Mach  number  of  1.18. 

A  similar  approach  w'ith  the  same  objective  was  selected  by  a  French 
group  of  the  Instiiut  Acronautique,  Saint-Cyr.  This  group  provided  a 
pair  of  movable  inserts  along  the  tunnel  walls.  Movement  of  the  inserts 
changed  the  size  of  the  throat  and,  consequently,  allowed  establishment  of 
supersonic  Mach  numbers  in  the  test  section.  The  velocity  distribution 
obtained  with  this  device  was  also  found  to  be  satisfactory  for  some  test 
work,  the  non -uniformities  l>cing  mainly  a  function  of  the  slenderness  of  the 
movable  inserts. 

Because  of  the  limitations  of  model  size  and  wall  interference,  these 
schemes  also  are  no  longer  used  in  transonic  testing. 
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a.  Test  section  configuration. 
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b.  Mach  Number  distribution. 

Fig.  2-12.  Wright  Field  10  ft  wind  tunnel  {closed)  with 
movable  sidewalls  (1951).^ 


1,  TRANSONIC  TESTING  IN  CLOSED  WIND  TUN.NELS 
WITH  THICK  BOUNDARY  LAYERS 
a.  Influence  of  wall  boundary  layer  on  choking  Mach  number  in  closed  wind  tunnels 
Accurate  experiments  concerning  the  choking  Mach  number  in  closed 
wind  tunnels  as  a  function  of  the  model  displacement  showed  that  the 
choking  Mach  number  is  frequently  higher  than  predicted  by  inviscous 
flow  theory.  This  phenomenon  is  particularly  pronounced  at  small  Reynolds 
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numbers  when  the  boundary  layer  along  closed  wind  tunnel  walls  is  rela¬ 
tively  thick.  Calculations  on  the  displacement  thickness  of  the  wall  boundary 
layer  in  the  vicinity  of  the  model,  based  on  experimental  data,  indicated 
that  the  increase  in  the  choking  Mach  number  can  be  attributed  to  the 
thinning  of  the  boundary  layer  as  a  result  of  the  disturbed  pressure  field 
around  the  model.® 

Normally,  the  increase  in  the  choking  Mach  number,  that  is,  in  the 
maximum  Mach  number  attainable  in  a  closed  wind  tunnel,  has  the  char¬ 
acter  of  a  relatively  small  correction.  However,  it  can  be  reasoned  that  by 
artificial  thickening  of  the  wall  boundary  layer  a  sizable  increase  in  test 
Mach  number  can  be  accomplished,  even  to  the  extent  that  supersonic 
flow  in  a  test  section  with  a  constant  geometrical  cross  section  can  be  estab¬ 
lished.  Experiments  were  conducted  in  several  small  model  tunnels  in  which 
the  thick  boundarv'  layer  was  produced  either  by  installing  screens  in  the 
stagnation  section  of  the  test  section^®*^^  or  by  recirculating  low  Mach 
number  air  along  the  test-section  walls  and  through  separate  channels 
around  the  test  section  (see  Fig.  2.13  and  Ref.  11).  Typical  Mach  number 
distributions  are  presented  in  Fig.  2.13b.  It  is  apparent  that  the  Mach 
number  distribution  in  the  test  section  is  not  very  uniform.  Furthermore, 
the  center  core  of  the  flow  is  very  small,  less  than  ^  the  tunnel  diameter  or 
the  tunnel  cross-sectional  area. 
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Fig.  2.13a.  Photograph  of  test  section  configuration. 
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b.  Typical  Mach  number  distribution. 


Fio.  2.13.  UAC  transonic  two-stream  test  section 
(United  Aircraft  Corporationy  1951) M 
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Another  difhculty  of  the  two-stream  wind  tunneJ  is  connected  with  the 
determination  of  the  velocity  corrections  in  the  wind  tunnel  where  the 
model  is  installed.  Theoretical  studies  of  this  problem  had  previously  been 
carried  out  for  incompressible  flow  assuming  “no-mixing”  between  the 
high-speed  center  core  and  the  low-speed  surrounding  airflow.'^  However, 
in  view  of  the  numerous  parameters  involved  (as,  for  instance,  the  distortion 
of  the  dividing  line  between  the  inner  and  outer  cores  by  the  model  displace¬ 
ment,  Mach  number,  and  friction),  such  wind  tunnel  corrections  become 
rather  inaccurate.  Consequently,  tests  with  this  type  of  transonic  test 
section  were  not  carried  further  than  the  model  tunnel  phase  in  spite  of  the 
fact  that,  in  a  given  test  section,  the  Mach  number  range  from  subsonic 
values  to  supersonic  values  as  large  as  Mach  number  1.33  could  be  covered 
merely  by  changing  the  power  input  to  the  wind  tunnel  drive. 

b.  Closed  wind  tunnels  with  air  bleed-in  for  low  supersonic  operation 

During  the  I940’s  the  urgent  search  for  wind  tunnels  which  could  produce 
test  results  in  the  low  supersonic  Mach  number  range  led  to  experiments 
with  closed  wind  tunnels,  both  model  and  full-scale,  in  which  an  effective 
throat  was  formed  at  the  upstream  end  of  the  test  section  by  means  of  air 
blced-in  (Fig.  2.14).  This  scheme  was  applied  in  the  10  ft  wind  tunnel  at 
Wright  Field.  It  produced  acceptable  Mach  number  dbtributions  in  the 
range  from  Mach  number  1.06  to  1.12  and,  in  addition,  over  the  entire 
subsonic  range  available  in  this  closed  wind  tunnel.  The  supersonic  Mach 
numbers  could  be  established  by  merely  changing  the  inflow  of  bleed-air 
into  the  test  section.^®  With  this  scheme,  it  was  possible  during  the  late 
1940’s  to  obtain  supersonic  test  data  on  airplane  models  in  a  basically 
subsonic  wind  tunnel. 

However,  with  the  air  bleed-in  scheme,  the  power  requirements  for  a 
wind  tunnel  f>ecame  extremely  large,  particularly  in  the  supersonic  Mach 
number  range.  This  scheme  was  used  only  temjx)rarily  to  provide  given 
wind  tunnel  test  data  through  the  high  subsonic  and  the  low  supersonic 
Mach  number  range,  for  a  given  model  installation,  until  such  a  time  as 
more  efficient  transonic  wind  tunnels  could  be  developed. 


B.  WIND  TUNNELS  WITH  SLOTTED  WALLS 
a.  High  subsonic  speed  range 

During  the  development  of  the  low-speed  wind  tunnels  in  the  1930’s 
and  later,  the  combined  influence  of  solid  and  open  wall  elements  was 
investigated  in  detail  by  numerous  researchers. ^ 4, 15  ^^s  shown  that  the 
wind  tunnel  velocity  correction  could  be  greatly  reduced  by  the  proper 
arrangement  of  solid  and  open  wall  elements. 

The  demand  for  wind  tunnels  with  low  velocity  corrections  again  became 
urgent  during  the  1940’s  when  it  became  necessary  to  increase  the  test 
velocities,  although  it  was  recognized  that  wind  tunnel  velocity  corrections 
increased  with  the  third  power  of  the  Prandtl  factor  ^/(  \  —  A/qq^).  To  keep 
the  magnitude  of  this  wind  tunnel  correction  reasonably  small,  it  was 
therefore  neccssan'  to  start  with  a  low  correction  factor  even  in  the  incom¬ 
pressible  flow. 
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Al  the  same  time  it  was  again  pointed  out  by  several  investigator's  that  with 
a  suitable  geometry  of  longitudinal  slots  it  should  be  possible  to  completely 
eliminate  the  velocity  correction  in  incompressible  wind  tunnel  flow. 
Moreover,  application  of  the  generalized  similarity  rule  for  compressible 


Am*  MASS  FLOW  TNflOUOH  SLOT  m  •  MASS  FLOW  THitOUOH  TEST  SECTION 
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b.  Mach  number  distributions, 

Fio.  2.14.  Wright  Field  10  Jl  wind  tunnel  with  annular  air-bUed-in  (1949),^^ 

flow  showed  that  this  result  would  also  remain  valid  at  high  subsonic 
velocities  as  long  as  the  disturbance  velocities  remained  sufficiently  small. 
The  calculations  on  this  effect  carried  out  in  Germany,^®  Italy  and  Japan 
produced  theoretical  correction-free  slot  arrangements.  These  activities, 
however,  did  not  result  in  the  construction  of  slotted  wind  tunnels  because 
of  the  circumstances  connected  with  and  following  World  War  II. 
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b.  Transonic  speed  ran^e 

The  first  really  successful  transonic  wind  tunnel  was  investigated  in  the 
United  Slates  in  1947  in  tests  at  the  NACA.^®  Based  on  calculations  for  the 
velocity  correction  in  partially  open  and  closed  circular  wind  tunnels,  it 
w'as  determined  at  w'hat  relative  slot  open  area  the  velocity  correction 
would  disappear  at  subsonic  speeds.  A  small  subsonic  model  tunnel  was 
built  with  a  test  section  12  in.  in  diameter  and  having  eight  slots  and  a  slot- 
open  area  ratio  of  12.5  per  cent  (Fig.  2.15).  The  tests  not  only  indicated 


that  the  velocity  correction  became  very*  small,  as  intended,  but  also  that 
the  choking  was  greatly  relieved.  It  was  possible  to  operate  the  slotted  wind 
tunnel  with  model  blockages  of  close  to  9  per  cent  at  Mach  numbers  to  0.97. 
Furthermore,  it  was  discovered  that  such  a  wind  tunnel  could  be  operated 
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not  only  at  both  subsonic  and  sonic  speeds  but  also  at  supersonic  speeds, 
merely  by  raising  the  power  input  to  the  wind  tunnel  compressor.  These 
experimental  results  were  of  extreme  importance.  They  demonstrated  that 
for  wind  tunnel  operation  at  low  supersonic  Mach  numbers,  it  is  not  neces¬ 
sary  to  have  an  exchangeable  or  adjustable  nozzle,  as  in  conventional 
supersonic  wind  tunnels.  In  one  partially  op>en  transonic  wind  tunnel, 
useful  testing  can  be  accomplished  over  the  entire  transonic  speed  range 
from  high  subsonic  to  low  supersonic  Mach  number. 

A  considerable  number  of  full-scale  slotted  wind  tunnels  have  been  built, 
particularly  in  the  United  States  (for  example.  Fig.  2.16),  according  to  the 
principle  of  the  slotted  wind  tunnel  described  above.  Wind  tunnels  of  this 


Fio.  2.16.  NACA  16  ft  transonic  wind  tunnel  {1950),^^ 


Fig.  2.17.  Bell  X^l  airplane  {first  airplane  faster  than  sound)  {October  14,  1947), 
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type  were  also  constructed  in  Great  Britain,  Switzerland,  France,  etc.  These 
wind  tunnels  were  developed  to  a  high  degree  of  perfection  by  means  of 
thorough  and  detailed  experimental  work.  They  were  found  to  provide 
reliable  data  in  the  subsonic  speed  range  up  to  and  including  Mach  number 
one.  However,  it  was  also  shown  that  they  had  the  serious  shortcoming  of  a 
very  limited  potential  for  cancelling  shock-wave  reflections.  Therefore,  the 
successful  use  of  slotted  wind  tunnels  in  the  supersonic  speed  range  is 
restricted  to  very  low  supersonic  Mach  numbers  {M  =  1.05).  At  higher 
supersonic  Mach  numbers  these  wind  tunnels  have  the  same  limitations  as 
conventional  closed  wind  tunnels.  A  typical  airplane  designed  with  the 
knowledge  obtained  in  the  initial  slotted  wind  tunnels  is  the  first  experimental 
airplane  faster  than  sound,  the  rocket-powered  Bell  X-1  (Fig.  2.17). 

9.  WIND  TUNNELS  WITH  PERFORATED  WALLS 

a,  Basic  desic^n  and  performance 

Investigations  around  1950  showed  that  for  effective  cancellation  of 
shock  waves  at  wind  tunnel  walls  it  is  necessary  to  provide  a  “small-grain” 
porous  wall  which  can  match  the  “flow  inclination-pressure  rise”  charac¬ 
teristics  of  shock  waves.  These  early  theoretical  investigations  were  performed 
mainly  by  the  staff  of  the  Cornell  Aeronautical  Laboratory  in  the  U.S.A., 
and  were  supplemented  by  some  small-scale  experiments. xhe  experi¬ 
ments  proved  that  satisfactory  shock  cancellation  can  be  accomplished  when 
shock  intensity  and  the  porosity  of  the  walls  are  properly  matched. 

It  was  found,  however,  that  porous  walls  would  not  be  very  practical 
from  the  operational  point  of  view.  Not  only  is  it  nearly  impossible  to  avoid 
clogging  of  the  pores  of  such  a  wall  during  operation,  but  also  the  effective 
porosity  must  be  continuously  adjusted  with  each  change  in  Mach  number 
or  in  intensity  of  the  shock  waves.  Such  a  requirement  is  very  hard  to  satisfy 
in  actual  wind  tunnel  operation. 

As  a  further  development,  the  perforated  wall  concept  was  introduced. 
This  wall  consists  of  a  large  number  of  small  discrete  openings  in  the  wind 
tunnel  wall.  It  was  shown  both  by  theoretical  calculations  and  by  experiments 
that  properly  perforated  walls  are  capable  of  matching  the  “no-reflection” 
requirements  over  a  considerable  range  of  Mach  number  and  shock  intensity 
when  the  geometry  of  the  perforation  is  properly  selected  (Fig.  2.18). 

Numerous  experiments  indicated  that  such  perforated  walls  are  effective 
in  cancelling  shock-wave  reflections.  However,  the  investigations  also  indi¬ 
cated  that  such  walls  are  not  basically  well  adapted  to  matching  the  desired 
characteristics  of  subsonic  flow.  This  disadvantage  of  perforated  walls  at 
subsonic  speeds  is  acceptable  only  when  the  size  of  the  wind  tunnel  model 
is  properly  restricted,  that  is,  when  it  is  kept  small  enough. 

b.  Further  development  of  perforated  wall  wind  tunnels 

In  the  course  of  detailed  investigations  of  perforated  wind  tunnels,  walls 
with  slanted  holes  were  studied  in  the  mid-1950’s.^®  It  was  recognized  that 
normal  perforated  walls  with  perpendicular  holes  do  not  provide  the  proper 
boundary  conditions  for  three-dimensional  wave  patterns  and  for  two- 
dimensional  or  three-dimensional  expansion  waves.  This  is  the  result  of  the 
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fact  that  stagnation  air  from  the  plenum  chamber  can  easily  be  sucked  into 
the  test  section.  Consequently,  the  slanted  holes  were  arranged  in  such  a 
manner  that  they  offered  a  larger  resistance  to  inflow  into  the  test  section 
than  to  outflow  out  of  the  test  section  and  in  this  manner  provided  a  much 
improved  matching  for  wave  cancellation  of  both  the  compression  and 


a.  Mach  number  1.15. 


b.  Mach  number  1.30. 

Fig.  2.18.  Shock  reflection  on  perforated  wind  tunnel  walls  {1950). 
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expansion-type  shock  waves  (Fig.  2.19).  Examples  of  transonic  wind  tunnels 
with  perforated  walls  of  the  slanted-hole  type  are  the  modern  AEDC  16  ft 
transonic  and  supersonic  wind  tunnels  (Fig.  2.20)  and  the  supersonic 


Fig.  2.19.  Streamline  pattern  for  inflow  and  outflow  through  a  wall 
with  inclined  holes 

8  X  6  ft  wind  tunnel  at  the  Lewis  Laboratory  of  the  NASA.  These  tunnels 
are  notable  for  the  fact  that  in  their  design  emphasis  was  placed  on  good 
operational  characteristics  in  the  supersonic  speed  range. 

A  typical  supersonic  airplane  developed  with  the  aid  of  extensive  transonic 
wind  tunnel  testing  in  both  the  high-subsonic  and  low-supersonic  speed 
ranges  is  the  North  American  F-IOOA  shown  in  Fig.  2.21. 

Many  detailed  experiments  have  shown  that  perforated  walls  are  effective 
only  when  the  individual  holes  in  the  perforation  are  comparable  in  size 
to  or  larger  than  the  thickness  of  the  boundary  layer  along  the  tunnel 
walls.  Therefore,  in  order  to  produce  the  desired  ratios  between  hole  size 
and  boundary  layer  thickness  without  the  necessity  for  undesirably  large 
holes  in  the  wall,  the  boundary  layer  is  frequently  thinned  by  plenum 
chamber  suction.  Such  suction  has  been  found  to  be  a  significant  method  of 
making  the  perforated  wall  effective  for  wave  cancellation.  It  is  also  ex¬ 
tremely  beneficial  from  the  viewpoint  of  the  overall  power  consumption  of  a 
wind  tunnel.  As  a  consequence,  wind  tunnels  benefit  greatly  when  a  large 
portion  of  the  total  drive  power  is  used  for  the  plenum  chamber  suction 
drive  system.  For  example,  the  16  ft  transonic  wind  tunnel  of  the  AEDC 
provides  216,000  hp  for  the  main  drive  system  and  approximately  180,000  hp 
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a.  View  downstream  into  the  test  section. 


b.  Full-scale  Army  Sergeant  in  test  section. 

Fig.  2.20.  16  ft  transonic  wind  tunnel  of  Arnold  Engineering  Development 
Center^  Tullahoma^  Tennessee  {1956). 
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for  the  plenum  evacuation  system.  It  was  shown  that  in  the  transonic 
speed  range  an  addition  of  power  to  the  plenum  chamber  suction  system  is 
frequently  two  or  three  times  as  effective  as  the  addition  of  the  same  power 
to  the  main  drive  motors. 


Fig.  2.21.  North- American  F-IOOA  airplane  {1954). 


10.  COx\CLUDING  REM.VRK.S 

In  the  period  after  1950,  a  large  number  of  transonic  wind  tunnels  have  l>ecn 
constructed  in  the  Western  countries.  These  wind  tunnels  have  either 
slotted  or  perforated  type  test  sections.  As  a  general  rule,  the  slotted  type 
is  preferred  whenever  the  main  emphasis  is  placed  on  the  subsonic  speed 
range  to  slightly  above  Mach  number  one;  the  perforated  typ>e  test  section 
is  preferred  when  the  emphasis  is  placed  on  the  supersonic  range.  Both 
types  of  transonic  w  ind  tunnels  have  been  successful  in  providing  the  informa¬ 
tion  which  designers  of  airplanes  and  missiles  need  prior  to  construction  and 
flight  testing.  The  accuracy  of  the  data  obtained  in  these  tunnels  has  matched 
the  urgency  of  such  data  at  the  time  when  transonic  wind  tunnel  testing 
spearheaded  airplane  development  through  the  transonic  speed  range. 

As  is  the  case  for  most  developments  in  technical  fields,  the  present  partially 
open  wind  tunnels  still  offer  numerous  opportunities  for  further  refinement 
of  design.  For  example,  improvements  in  the  matching  of  the  wind  tunnel 
boundary  conditions  with  the  flow  pattern  of  test  models  appear  possible 
using  suitable  combinations  of  perforated  and  slotted  walls. Also,  the 
investigation  of  suitable  hole  size  and  hole  geometry  in  combination  with 
boundary’  layer  control  still  offers  numerous  problems  for  research. 

It  should  be  mentioned  that  even  at  the  present  time  it  is  not  possible  to 
calculate  reliably  the  flow  pattern,  the  pressure  distribution,  and  the  forces 
for  a  model  in  free  transonic  flight,  except  in  extremely  simplified  cases,  as, 
for  instance,  in  the  case  of  a  two-dimensional  wing.  A  large  field  still  remains 
w'hich  has  not  been  thoroughly  explored  by  theoretical  investigations. 
Consequently,  most  of  the  information  required  in  the  transonic  speed 
range  has  been  obtained  and  remains  to  be  obtained  by  means  of  experi¬ 
ments.  Since  transonic  wind  tunnels  have  been  developed  into  a  reliable 
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tool,  the  support  required  in  the  development  of  future  airplanes  and 
missiles  can  l^e  adequately  provided  by  experiments  in  the  transonic  wind 
tunnels  which  arc  in  operation  at  the  present  time. 
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CHAPTER  3 


FLOW  AROUND  AIRPLANES  IN  FREE 

FLIGHT 


Before  the  specific  phenomena  of  the  flow  in  wind  tunnels  are  discussed, 
some  basic  characteristics  of  the  flow  around  airplane  components  in  free 
flight  will  be  briefly  considered.  In  this  introductory  discussion,  particular 
emphasis  is  placed  upon  the  effect  of  the  displacement  of  the  airplane 
components  because  displacement  is  the  source  of  some  major  difficulties 
which  occur  in  wind  tunnel  testing  in  the  transonic  speed  range. 


1.  SUBSONIC  SPEED  RANGE 

In  the  free  flight  of  an  airplane,  the  flow  lateral  to  the  plane’s  structure 
must  achieve  a  larger  stream  density,  pv,  in  order  to  compensate  for  the  dis¬ 
placement  of  the  airplane.  Consequently,  the  streamlines  bulge  out  in  the 
vicinity  of  the  airplane  as  shown  in  Fig.  3.1a.  Near  the  surface  of  a  wing, 
for  example,  the  streamlines  are  curved  according  to  the  wing  contour,  and 
the  velocities  near  the  maximum  thickness  of  the  wing  are  larger  and  the 
static  pressures  smaller  than  the  corresponding  values  in  the  undisturbed 
flow.  Because  of  the  curvature  of  the  streamlines,  centrifugal  forces  are 
produced  which  increase  the  static  pressure  normal  to  the  streamlines 
according  to  the  well-known  relationship: 


d/.  =  - 


pv 


R 


The  elementary  centrifugal  forces  and  the  resulting  pressure  gradients 
compensate  for  the  difference  between  the  pressures  at  the  wing  surface  and 
the  undisturbed  pressure.  It  should  be  noted  that  in  subsonic  flow  the 
bulging  of  streamlines  extends  to  infinitely  large  distances  from  the  wing 
and  that  the  elementary  centrifugal  forces  in  the  entire  space  between  the 
wing  and  the  infinitely  distant  streamlines  contribute  to  the  build-up  of  the 
static  pressure  from  the  low  values  at  the  wing  surface  to  the  higher  values 
in  the  undisturbed  flow. 

Streamline  curvature  and  velocity  increase  near  the  model  are  correlated 
in  such  a  manner  that  the  dbplacement  volume  of  the  airplane  is  compen¬ 
sated  for  by  the  larger  stream  density,  pv,  of  the  flow  in  the  disturbance  field 
around  the  model.  For  example,  in  the  plane  of  the  maximum  thickness  of  a 
two-dimensional  symmetrical  wing,  the  continuity  condition  is  satisfied  by: 


it{pv)oo  =  [{pv)w-{p^)oo]dy  =  A(pi;)nieanAj'i) 
tl2 

This  equality  is  represented  in  Fig.  3.1b  for  the  incompressible  flow  case. 
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b.  Velocity  distribution  laterally  to  the  iving. 

Fig.  3.1.  Incompressible  flow  around  an  airplane  wing  in  free  flight. 


2.  MACH  NUMBER  INFLUENCE  IN  SUBSONIC  SPEED  RANGE 
When  the  flight  speed  is  increased  in  the  subsonic  speed  range,  the  stream¬ 
lines  of  the  incompressible  flow  no  longer  provide  equilibrium  between  the 
elementary  centrifugal  forces  and  the  static  pressure  gradients  in  the  flow 
field.  Also,  the  condition  of  continuity  is  no  longer  satisfied.  Consequently, 
two  major  changes  occur.  The  streamlines  at  a  given  distance  from  the  wing 
will  assume  larger  curvature  and  adjacent  streamlines  will  become  more 
and  more  equidistant  with  the  approach  of  sonic  velocity,  according  to  the 
basic  relationship  for  the  stream  density  of  a  compressible  flow,  pv  =  f{M)^ 
see  Fig.  3.2.  On  the  other  hand,  the  flow  between  any  two  streamlines  near 
the  model  contributes  less  to  the  integral  in  the  continuity  equation  (see 
Chapter  3,  Section  1),  since  the  stream  density  cannot  grow  in  proportion 
to  the  velocity,  but  approaches  a  maximum  value  near  the  sonic  speed. 
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In  order  to  overcome  this  two-fold  difficulty,  that  is,  larger  stream¬ 
line  curvature  leading  to  larger  pressure  gradients,  dpidy,  on  one 
hand,  and  smaller  blockage-relieving  margin,  A{pv),  of  the  flow  on  the 


Fig.  3.2.  Relationship  between  stream  density  and  Mach  number  in 
isentropic  flow  (y  *=*  1.4). 


other  hand,  the  velocities,  i;,  near  the  wing  surface  are  increased  and  the 
flow  disturbance  field  is  extended  farther  laterally  into  the  flow  with  increas¬ 
ing  subsonic  Mach  number  (Fig.  3.3  and  Ref.  1). 

Both  relieving  effects,  however,  have  definite  limitations.  When  the 
sonic  speed  is  exceeded  locally,  the  stream  density,  pv,  no  longer  increases 
but  instead  decreases  with  increasing  velocity  as  shown  in  Fig.  3.2.  Hence, 
local  supersonic  fields  around  a  wing  increase  the  effective  wing  blockage. 
Furthermore,  when  local  supersonic  speeds  are  attained,  the  streamline 


Fio.  3.3a.  Velocity  distribution  lateral  to  an  airplane  wing  in  subsonic 
free  flight  M^  =  0J7. 
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Fig.  3.3b.  Stream  density  distribution  lateral  to  an  airplane  wing 
in  subsonic  free  flighty  Men  =  0,77. 


Fig.  3.4.  Compressible  flow  field  around  an  airplane  wing  in  free  flight 
at  Mach  numbers  of  Mao  **  0.8  and  0.85. 
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curvatures  are  increased  (Fig.  3.4a).  Therefore,  a  more  rapid  lateral  decay 
of  the  streamline  curvature  and  a  reduction  of  the  mean  width,  of 

the  disturbance  field  described  in  the  continuity  equation  of  Chapter  3, 
Section  1,  result  (Fig.  3.5).  Hence,  both  terms  in  the  continuity  integral  arc 
influenced  to  the  detriment  of  the  requirements  for  compensation  of  the  wing 
displacement.  It  is  apparent  that  beginning  at  a  well-defined  critical  speed 
close  to  sonic  speed,  a  symmetric  flow  pattern  (without  shock  waves)  is 
no  longer  possible  in  isen tropic  flow.^ 


Fig.  3.5.  Velocity  and  stream  density  distribution  lateral  to  an  airplane  wing 
in  subsonic  free  flighty  Afce  ■■  0.80. 

Only  by  establishing  an  unsymmetrical  flow  field  with  shock  waves 
(Fig.  3.4b),  that  is  by  an  increase  of  the  local  flow  velocity  beyond  the 
maximum  wing  thickness,  is  the  flow  again  capable  of  satisfying  the  con¬ 
tinuity  requirements  in  the  plane  of  maximum  wing  displacement.  Such  a 
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velocity  increase  results  in  a  decrease  of  the  local  streamline  curvature  and 
an  increase  of  the  lateral  width,  A^d,  of  the  disturbed  flow  around  the 
wing  (Fig.  3.6). 
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Fio.  3.6.  Velocity  and  stream  density  distribution  lateral  to  an  airplane  wing 
in  subsonic  free  flighty  Mao  *=■  0.85. 


3.  SONIC  SPEED  ^ 

When  the  undisturbed  velocity  is  equal  to  the  sonic  speed,  the  flow  density, 
in  the  disturbed  flow  region  can  only  be  smaller  than  that  of  the  free 
flow.  Consequently,  the  continuity  condition,  formulated  in  Section  1  of 
Chapter  3,  cannot  be  satisfied  for  steady-state  flow  simultaneously  with  the 
condition  that  the  streamlines  at  infinitely  large  lateral  distances  from  a 
two-dimensional  wing  are  not  disturbed. ^  In  contrast  to  the  usual  flow 
patterns  at  subsonic  velocities,  the  streamline  deflection  at  sonic  speed 
does  not  gradually  decrease  but  rather  continually  increases  with  increasing 
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distance  from  a  two-dimensional  wing  (Fig.  3.7a).  This  results  in  infinitely 
large  bulging  of  the  streamlines  at  infinitely  large  lateral  distance. 

It  should  be  noted  that  pure  two-dimensional  flow  is  merely  an  academic 
type  of  flow.  In  free  flight  the  flow  is  always  three-dimensional  because  at  a 


a.  Sonic  velocity. 


- EXf¥\MSH>N  WAVES 


b.  Supersonic  veloci^. 


Fig.  3.7.  Streamline  pattern  around  an  airplane  wing  in  free  flight 
at  sonic  and  supersonic  velocities. 


• 

sufficiently  large  distance,  a  flying  object  always  acts  as  a  point  disturbance. 
In  the  case  of  a  three-dimensional  body  the  streamline  bulging  decreases 
asymptotically  to  zero  with  increasing  distance  from  the  body.*  However, 
for  a  three-dimensional  body,  the  total  frontal  area  of  streamline  bulging, 

AAb  =  (27rr)Arniax 


increases  with  the  distance  from  the  body  in  line  with  the  basic  relationship 
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between  stream  density  and  velocity  (Fig.  3.2)  and  tends  to  infinity  at 
infinitely  large  lateral  distances  from  the  body, 

4.  SUPERSONIC  SPEED  RANGE 

As  soon  as  the  free-stream  velocity  has  exceeded  Mach  number  one,  it  is 
again  possible  to  establish  a  steady-state  flow  solution  with  undisturbed 
parallel  streamlines  at  large  lateral  distances  from  a  two-dimensional  wing 
(Fig.  3.7b).  Because  of  the  characteristic  shape  of  the  stream  density  curve, 
the  mean  velocity  in  the  disturbance  region  around  the  maximum  model 
thickness  is  smaller  than  the  velocity  of  the  undisturbed  flow  (Fig.  3.8). 


0  50  100  150  200 


y/c 


Fig.  3.8.  Velocity  and  stream  density  distribution  lateral  to  an  airplane  wing 
in  supersonic  flighty  A/®  1.5. 

This  is  the  opposite  of  the  conditions  in  subsonic  flow  where  the  mean 
velocity  in  the  disturbed  region  around  a  model  is  larger  than  the  velocity 
of  the  undisturbed  flow. 
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CHAPTER  4 


WALL  INTERFERENCE  CORRECTIONS  IN 
CONVENTIONAL  WIND  TUNNELS 

1.  OPEN-JET  WIND  TUNNELS 

a.  Subsonic  speed  range 

In  an  open -jet  wind  tunnel,  the  streamlines  bulge  out  around  the  model 
in  a  similar  fashion  as  in  free  flight  (see  Fig.  4.1).  The  free  jet  is  surrounded 
by  a  plenum  chamber  in  which  the  static  pressure  is  essentially  constant. 
Consequently,  the  static  pressure  along  the  free-jet  boundary  must  also  be 
constant  and,  more  specifically,  equal  to  the  undisturbed  pressure  existing 
upstream  of  the  model  in  the  undisturbed  free  jet.  The  mathematical 
formulation  of  this  statement  follows: 

Pressure  along  free-jet  boundary^ : 

p  =  constant 

and  in  the  case  of  an  infinitely  long  jet : 

p-Po,  =  =  0 

or,  in  first  approximation : 

(vjf—  Vco)l  =  A  VjI  Vcc  =  0 

.After  introduction  of  the  velocity  potential,  <l>  =  +  obtain  as 

the  condition  for  the  free-jet  boundary: 

tiiUdx  =  0 

along  the  jet  boundary-.  Since  this  condition  holds  true  along  the  bulged-out 
boundary  streamline,  as  well  as  in  the  first  approximation  for  a  line 
y  =  constant  =  Hf2,  the  above  equation  may  be  integrated  to  give: 

—  constant 

It  should  be  noted  that  according  to  the  above  consideration,  the  undis¬ 
turbed  free-stream  pressure  is  already  established  at  the  finite  distance  of 
the  jet-boundary  streamline.  In  free  flight,  however,  the  undisturbed 
pressure  is  not  attained  before  an  infinitely  large  lateral  distance  from  the 
model.  Consequently,  in  an  open  wind  tunnel  the  pressure  build-up  in  the 
flow  between  model  and  jet  boundary  must  occur  considerably  faster; 
that  is,  the  streamlines  will  be  more  highly  curved  and  the  resulting  centri¬ 
fugal  forces  larger  than  in  free  flight  (Fig.  4.1).  Because  of  the  greater 
bulging-out  of  the  streamlines,  the  airflow  between  adjacent  streamlines  is 
contained  in  a  larger  area,  and  consequently,  the  mean  velocities  are 
somewhat  smaller  than  in  free  flight.  This  effect  is  usually  taken  into  consid¬ 
eration  in  the  form  of  a  velocity  correction  which  states  that  the  equivalent 
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free-stream  velocity  of  a  free  jet  is  somewhat  smaller  than  the  undisturbed 
free-jet  velocity. 

It  should  be  kept  in  mind  also  that  in  addition  to  the  velocity  correction, 
the  streamline  pattern  around  a  model  in  a  free-jet  wind  tunnel  is  distorted. 
The  only  means  of  reducing  such  flow  distortions  in  a  free  jet  is  to  reduce 
the  model  size.  Only  when  the  model  dimensions  are  sufficiently  small  in 


b.  Open  jet. 

Fig.  4.1.  Streamline  pattern  around  airplane  wing  in  free  flight  and  in 
open-jet  wind  tunnel. 


comparison  to  the  free-jet  dimensions  is  the  simulation  of  free-flight  condi¬ 
tions  in  a  finite-size  jet  satisfactorily  accurate.  It  has  been  the  objective  of 
numerous  mathematical  investigations  to  determine  the  correction  terms  of 
first  and  higher  order  for  the  purpose  of  predicting  from  the  free-jet  test 
results  the  behavior  of  models  in  free  flight.^ 

b,  Mach  number  influence 

When  the  Mach  number  is  increased  in  a  free-jet  wind  tunnel,  the  basic 
deviations  between  free  jet  and  free  flight  remain  qualitatively  the  same. 
However,  the  bulging-out  of  the  streamlines  is  increased  with  increasing 
Mach  number  and,  consequently,  the  effective  velocity  is  further  reduced 
or  the  free-jet  velocity  correction  further  increased.* 

Also,  no  peculiar  difficulties  arise  in  establishing  the  flow  at  Mach  number 
one.  Unlike  free  flight  or  closed  wind  tunnel  conditions,  the  free-jet  boundary 
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streamlines  can  freely  bulge  out  and  thus  readily  compensate  for  the  in¬ 
ability  of  the  flow  to  establish  flow  conditions  with  larger  stream  density, 
pv,  than  those  occurring  in  undisturbed  flow  of  Mach  number  one. 

Supersonic  flow  flelds  arc  characterized  by  the  occurrence  of  discrete 
disturbance  waves  of  either  the  compression  or  expansion  type.  When  the 
approach  velocity  in  an  open-jet  wind  tunnel  is  increased  to  supersonic 
values,  the  region  of  boundary  interference  is  restricted  to  the  region  down¬ 
stream  of  waves  reflected  from  the  frcc-jct  boundary.  The  disturbance 
waves  impinge  upon  the  free-jet  boundary  and  arc  reflected  to  satisfy  the 
requirement  of  constant  undisturbed  pressure  along  the  jet  boundary.  In 
particular,  a  compression  wave  is  reflected  as  an  expansion  wave  of  approx¬ 
imately  equal  but  opposite  pressure  change,  and  an  expansion  wave  is 
reflected  as  a  compression  wave  (Fig.  4.2). 


Fig.  4.2.  JVaift  reflection  at  open-jet  boundary. 


The  usual  method  of  testing  in  supersonic  open-jet  wind  tunnels  is  to 
restrict  the  model  length  so  that  the  reflected  waves  do  not  meet  the  model 
but  pass  behind  it.  In  this  case,  the  frcc-jct  wind  tunnel  provides  test 
data  which  arc  not  influenced  by  boundary  effects  and  are  identical  to  those 
in  free  flight.  The  maximum  model  length  which  will  yield  interference-free 
flow  is  determined  by  the  path  of  that  reflected  wave  which  is  at  the  farthest 
upstream  location.  This  critical  reflected  wave  is  normally  the  bow  wave 
originating  at  the  model  nose.  The  path  of  the  reflected  bow  wave  depends 
naturally  upon  the  local  Mach  numbers  and  the  direction  of  the  flow 
through  which  it  passes,  and  follows,  therefore,  approximately  the  Mach 
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wave  direction  in  the  undisturbed  flow.  Results  obtained  from  numerous 
wind  tunnel  tests  with  typical  models  are  presented  in  Fig.  4.3  as  a  guide 
for  determining  the  maximum  interference- free  model  length.^ 


Fkj.  4.3.  Maximum  model  length  in  supersonic  wind  tunnels 
(witJwui  shock  reflection  interference),^ 


2.  CLOSED  WIND  TUNNELS 

a.  Subsonic  speed  range 

In  a  wind  tunnel  with  solid  straight  walls,  bulging-out  of  the  boundary 
streamlines  is  prevented  by  direct  guiding  of  the  walls  (Fig.  4.4). 

The  velocity  components  normal  to  the  walls,  Vn,  must  vanish  at  the 
walls.  That  is,  in  mathematical  formulation: 

Vn  =  0  or  dfftjdn  ^  cfltldy  =  0 

This  condition  must  be  satisfied  along  the  walls,  that  is,  in  two-dimensional 
flow,  along  lines  y  =  constant. 

Closed  Wind  Tunnels  with  Straight  Walls, — Proceeding  from  the  model 
outward  to  the  walls,  the  streamlines  are  gradually  straightened  out  by  the 
influence  of  the  walls  to  the  extent  that  near  the  model  surface,  they  follow 
the  model  contour  and,  at  the  walls,  become  completely  straight.  Conse¬ 
quently,  the  streamline  curvature  in  the  field  between  model  and  walls  as 
well  as  the  centrifugal  forces  and  the  resulting  pressure  gradients  in  this 
region  are  reduced  in  comparison  to  free-flight  conditions.  According  to 
the  equation  for  the  pressure  gradient  in  curved  flow, 

dpjdn  dpjdy  = 

the  static  pressure  at  the  walls  will  not  reach  the  undisturbed  frec-stream 
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value,  as  in  free  flight,  but  remains  essentially  smaller  in  the  wall  area  lateral 
to  the  model. 

Because  bulging-out  of  the  streamlines  is  not  possible  laterally  around  the 
model,  the  airflow  between  adjacent  streamlines  must  squeeze  through  a 
smaller  area  than  in  free  flight;  that  is,  in  the  subsonic  speed  range  the  mean 
flow  velocity  is  increased  in  the  space  between  model  and  walls.  Conse¬ 
quently,  the  model  in  a  closed  tunnel  is  ex|X)sed  to  a  mean  flow  with  larger 
velocities  than  those  prevailing  far  upstream  of  the  model.  This  influence 
can  be  taken  into  account  by  a  mean  velocity  correction^  which  for  closed  test 
sections  is  approximately  of  equal  magnitude,  but  of  opposite  size,  to  the 
corresponding  correction  in  a  free  jet. 

It  should  be  noted  that  also  in  the  case  of  a  closed  wind  tunnel,  the 
velocity  correction  docs  not  perfectly  correlate  the  wind  tunnel  flow  around 
a  model  with  free-flight  conditions.  As  described  before,  the  streamlines 
around  the  model  are  distorted  by  the  presence  of  the  walls.  Therefore, 


a.  Free  flight. 


N. 


b.  Closed  wind  tunnel. 


Fig.  4.4.  Streamline  pattern  around  airplane  wing  in  free  flight  and  in 
closed  wind  tunnel. 

also  in  the  case  of  a  wind  tunnel  with  plain  straight  walls,  there  is  no  means 
of  reducing  this  distortion  other  than  through  reduction  of  the  relative  model 
size.  It  is  the  purpose  of  second  and  higher  order  correction  calculations  to 
modify  the  wind  tunnel  test  data  to  correspond  more  closely  to  free-flight 
conditions.! 


45 


TRANSONIC  WIND  TUNNEL  TESTING 


Closed  Wind  Tunnels  with  Contoured  Walls. — In  contrast  to  the  frec-jct  wind 
tunnel,  the  closed  wind  tunnel  offers  an  additional  possibility  for  simulating 
free-flight  conditions  more  closely;  namely,  by  elimination  of  the  condition 
of  straight  rigid  walls.  The  wind  tunnel  walls  could  be  bulged-out  to  follow 
the  required  streamline  shajje.  If  the  w'all  contours  were  made  identical  to 
free-flight  streamlines,  the  correlation  would  be  perfect.  It  is  obvious  that 
such  a  state  cannot  be  reached  without  knowing  in  advance  the  exact  flow 
around  the  model;  this  is  generally  not  before  the  results  of  accurate  wind 
tunnel  tests  are  known.  Despite  the  inability  to  establish  perfect  wind  tunnel 
contours,  it  appears  feasible  to  shape  the  wind  tunnel  walls  according  to  a 
few  basic  types  of  flow  around  typical  models.  For  example,  the  overall 
displacement  of  a  model  could  be  compensated  for  by  one  tyq^e  of  wall  shape 
whereas  the  detailed  local  contours  of  the  model  would  be  neglected.  In 
the  same  manner,  the  basic  characteristics  of  a  lifting  surface  could  be 
simulated  whereas  details  of  the  lift  distribution  would  be  neglected.  It  is 
apparent  that  successful  application  of  this  principle  would  require  special 
wall  shapes  for  each  type  of  model  and  even  for  each  model  setting  (angle  of 
attack)  and  consequently  would  become  very  cumbersome. 

Experiments  at  high  subsonic  speed  in  a  test  section  with  solid  walls 
which  could  be  bent  according  to  the  streamline  contours  were  conducted 
in  a  British  model  wind  tunnel.  A  small  6-in.  experimental  wind  tunnel 
was  used,  and  some  exploratory  tests  were  conducted  with  a  two-dimensional 
airfoil  model.  A  group  of  test  results  were  obtained  for  different  wall  shapes 
without  having  definite  proof  which  condition  yielded  the  most  reliable 
results.  Also  a  large  German  high-speed  wind  tunnel  (7  ft),  constructed  at 
Ottobrun  near  Munich  and  completed  in  1945,  had  flexible  upper  and  lower 
test  section  walls.  No  results,  however,  have  been  obtained  from  this  tunnel 
with  a  model  installed  and  the  test  section  w^alls  contoured  according  to 
estimated  free-flight  streamlines. 

It  appears  that  the  principle  of  contouring  closed  test  section  walls  has 
been  successfully  applied  only  in  a  few  cases  in  which  extremely  large 
models  or  model  supports  had  to  be  used,  as  for  example,  in  the  propeller 
test  configurations  of  the  7  ft  wind  tunnel  of  the  Cornell  Aeronautical 
Laboratory,  Inc.  (Ref.  4  and  Fig.  4.5). 

The  extremely  large  sensitivity  of  a  flow  area  change  in  closed  wind 
tunnels,  particularly  at  high  subsonic  Mach  numbers  at  which  relief  from 
flow  distortion  and  choking  is  most  urgently  needed,  is  responsible  for  the 
decision  of  wind  tunnel  designers  to  abandon  the  contoured-wall  wind  tunnel 
and  to  pursue  other  principles  for  reducing  the  flow  distortion  in  high-speed 
wind  tunnels. 


b.  Mach  number  influence 

Subsonic  Speed  Range. — With  increasing  Mach  number  in  the  subsonic 
speed  range,  the  distortion  of  the  streamlines  in  the  constricted  area  between 
a  model  and  the  walls  of  a  closed  wind  tunnel  remains  qualitatively  the 
same.  Because  of  the  compressible  flow  relationship  for  the  stream  density, 
pv  (see  Fig.  3.2),  the  velocity  increase  caused  by  the  wall  effect  must  increase 
with  Mach  number  in  order  to  attain  the  necessary  stream  density  increase. 
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a.  Sketch  of  tunnel  configuration  with  wall  litters. 


b.  Photography  view  in  flow  direction. 

Fig.  4.5  Propeller  dynamometer  installation  of  Cornell  Aeronautical 
Laboratory^  Incorporated.^ 
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A(/5r).  For  a  small  model,  the  mean  velocity  increase  caused  by  the  model 
blockage  is,  in  linearized,  one-dimensional  flow 


Al'/Voo  = 


1 


l-A/2 


A\r 

At 


This  relationship  is  shown  in  Fig.  4,6.  It  should  be  noted  that  in  the 


Fio.  4.6.  Mean  velocity  increase  in  narrowest  sections  of  closed  wind  tunnel  because 
of  model  installation  {linearized^  one-dimensional  flow). 


subsonic  speed  range  the  mean  velocity  is  increased  to  make  up  for  the 
model  blockage,  whereas  in  the  supersonic  range  the  mean  velocity  is 
decreased.  Furthermore,  the  magnitude  of  the  velocity  change  is  growing 
to  infinitely  large  values  when  Mach  number  one  is  approached  from  either 
the  subsonic  or  supersonic  side. 

It  is  only  when  the  model  size  is  drastically  reduced  that  measurements 
in  closed  wind  tunnels  at  Mach  numbers  close  to  one  can  be  conducted 
with  satisfactory  simulation  of  free-flight  conditions.  Tests  simulating  free- 
flight  conditions  at  Mach  number  one  are  not  possible  in  a  closed  wind 
tunnel.  By  nature,  the  closed  wind  tunnel  does  not  have  either  the  capability 
of  gradually  extending  its  lateral  disturbance  region  with  increasing  Mach 
number  as  in  free  flight,  or  of  unlimited  streamline  bulging-out  and  the 
resulting  flow  area  increase  as  in  open  wind  tunnels.  In  fact,  in  closed  wind 
tunnels  the  well-known  choking  phenomenon  occurs  which  limits  the 
maximum  Mach  number  to  values  which  correspond  to  maximum  stream 
density  conditions  (that  is,  to  Mach  number  one  conditions)  in  the  con- 
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stricted  flow  channel  between  model  and  walls.  The  choking  Mach  numbers 
for  different  model  sizes  with  the  assumption  of  one-dimensional  isentropic 
flow  in  the  narrowest  section  arc  shown  in  Fig.  4.7.  At  a  Mach  number  of 


Fig.  4.7.  Choking  Mach  number  in  closed  wind  tunnels  as  function  of  Mach  number 

{one^dimensional) . 


0.80,  a  model  blockage  of  Am  At  =  3.7  per  cent  causes  choking;  at  Mach 
number  0.90,  the  choking  blockage  is  reduced  to  0.88  per  cent,  and  at 
Mach  number  0.95,  to  0.2 1  per  cent.  Realizing  that  a  blockage  of  0.2 1  per  cent 
in  a  three-dimensional  test  corrcspionds  to  a  model  with  a  maximum  dia¬ 
meter  of  no  more  than  5.5  in.  in  a  10  ft  diameter  wind  tunnel,  it  is  apparent 
that  transonic  testing  in  a  closed  wind  tunnel  is  very  impractical. 

It  should  also  be  jjointed  out  that  the  limit  for  practical  wind  tunnel 
testing  has  already  been  reached  at  Mach  numbers  somewhat  lower  than 
the  choking  Mach  numbers  indicated  above,  since  at  choking,  the  flow  in 
the  constricted  channel  between  model  and  test  section  walls  tends  to  reach 
the  Mach  number  one  condition  with  its  maximum  stream  density  (pv)  the 
choked  flow  is  normally  greatly  distorted  and  bears  little  similarity  to  free- 
flight  conditions.  As  a  practical  rule,  it  is  frequently  recommended  that  the 
allowable  model  blockage  be  reduced  to  two-thirds,  or  better  to  one-half, 
of  the  blockage  allowable  for  one-dimensional  flow.^  The  approach  of 
critical  choking  conditions  can  be  detected  by  observing  the  wind  tunnel 
wall  static  pressure  in  the  vicinity  of  the  narrowest  section  (sec  Fig.  4.8). 
The  steep  drop  of  the  wall  static  pressure,  as  exhibited  by  a  typical  airfoil 
model  installed  in  a  closed  wind  tunnel,  signals  the  approach  of  critical 
conditions  and  the  limit  for  reliable  testing. 

Supersonic  Speed  Range, — At  supersonic  Mach  numbers,  wave  reflections  at 
the  tunnel  walls  introduce  disturbances  which  restrict  the  useful  Mach  num¬ 
ber  testing  range  in  closed  wind  tunnels  in  a  manner  similar  to  that  for  open- 
jet  tunnels.  The  wave  reflection,  however,  is  dilTerent  from  o|)cn-jet  reflection 
since  the  condition  of  unchanged  flow  direction  along  the  wind  tunnel  walls 
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Fig.  4.8.  Wall  pressure  in  plane  of  maximum  model  thickness  for  various  wings 
in  closed  wind  tunnel.^ 
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requires  that  expansion  waves  be  reflected  as  expansion  waves,  and  com¬ 
pression  waves  as  compression  waves  (sec  Fig.  8.2).  In  order  to  prevent 
reflected  waves  from  invalidating  the  test  results,  the  model  length  must  be 
kept  small  enough  to  cause  the  reflected  waves  to  pass  behind  the  model. 
Therefore,  the  same  relationship  for  maximum  model  length  exists  for  tests 
in  closed  wind  tunnels  as  for  tests  conducted  in  open-jet  wind  tunnels  (Fig. 
4.3).  By  comparing  the  permissible  model  blockage  from  the  vicwp>oint  of 
choking  elimination  with  the  permissible  model  size  from  the  viewpoint  of 
wave  reflection  interference,  it  can  be  concluded  that  the  more  stringent 
requirement  at  low  supersonic  Mach  numbers  is  the  no-choking  requirement 
whereas  at  high  supersonic  Mach  numbers  the  no- wave  reflection  inter¬ 
ference  is  predominant  (Fig.  4.9). 


r.  Analysis  of  choked  flow  in  closed  wind  tunnels 

.\s  stated  previously,  in  a  closed  wind  tunnel  with  choked  flow,  the  mean 
velocity  in  the  constricted  cross  section  between  model  and  test  section 
walls  is  approximately  equal  to  the  speed  of  sound.  Although  it  is  apparent 
that  the  flow  with  choked  tunnel  conditions  docs  not  truly  simulate  free- 
flight  conditions,  it  was  reasoned  that  some  similarity  of  the  choked  tunnel 
flow  and  free-flight  flow  at  Mach  number  one  might  exist In  both 
free-flight  and  choked  tunnel  conditions,  the  local  Mach  numbers  will  f)e 
lower  than  one  in  the  region  somewhat  upstream  of  the  model  nose,  and  in 
the  area  somewhat  upstream  of  the  maximum  model  thickness  the  Mach 
numbers  will  approach  one.  Behind  the  maximum  model  thickness  the  flow 
will  be  supersonic. 

Flow  calculations  for  a  two-dimensional  double-wedge  in  free  flight  and 
in  a  closed  wind  tunnel,  with  the  wall  influence  introduced  into  the  calcu¬ 
lations  as  a  first  order  disturbance  cfTcct,  arc  presented  in  Figs.  4. 10  and  4. 1 1 
(Ref.  5).  It  should  be  noted  that  the  sonic  line,  that  is,  the  line  separating 
subsonic  and  supersonic  flow  regions,  is  very  similar  in  both  flow  cases. 
Deviations  occur  mainly  near  the  tunnel  wall  where  the  sonic  line  must 
be  bent  into  the  vertical  direction  in  order  to  satisfy  the  non-curved  flow 
conditions  near  the  test  section  wall,  that  is: 

dvz  dip  pv^ 

cly  dj^  R 

As  long  as  the  model  length  and  thickness  arc  kept  small  enough,  the  pressure 
distributions  on  the  double-wedge  surface  coincide  with  good  approximation 
for  both  cases  investigated. 

For  example,  even  with  a  model  wing  of  as  large  as  1.3  per  cent  blockage, 
which  permits  wind  tunnel  testing  only  up  to  approach  Mach  numbers 
somewhat  smaller  than  the  choking  Mach  number  of  0.88,  free-flight 
conditions  at  Mach  number  one  arc  simulated  at  choked  wind  tunnel 
conditions  with  pressure  deviations  of  no  more  than  ^p  q  =  0.027,  which 
amounts  to  4  per  cent  of  the  maximum  pressure  disturbance  of  the 
double-wedge  airfoil.®  However,  the  maximum  wing  chord  in  this  case 
must  not  be  larger  than  13  per  cent  of  the  test  section  height;  that  is,  the 
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thickness  ratio  of  the  double- wedge  airfoil  must  not  be  smaller  than  10  per 
cent.  In  view  of  the  generally  much  more  slender  model  shapes  tested  in 
transonic  flow,  the  model  size  in  practical  testing  must  be  kept  much  smaller 
than  indicated  in  the  above  example  and  is  governed  greatly  by  wave 
reflection  conditions. 


a.  Free  flight. 


b.  Choked  wind  tunnel. 


Fig.  4.10.  Flow  flelds  around  double-wedge  airfoil  in  free  flight  at  Mach  number  one 
and  in  a  choked  closed  wind  tunnel,’^ 

An  experimental  study  of  choked  wind  tunnel  flow  has  been  conducted 
by  D.  Barish  who  verified  experimentally  the  validity  of  the  above  consid¬ 
erations.® 

The  choked  tunnel  flow  theory  discussed  in  the  previous  paragraphs 
makes  it  possible  to  obtain  approximate  experimental  information  on  the 
free-flight  conditions  near  Mach  number  one.  This  Mach  number  one  test 
point,  however,  is  a  singular  test  jxjint  only  because  no  test  data  can  be 
correlated  with  free  flight  in  the  Mach  number  range  slightly  below  or  above 
choking  Mach  number. 
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3.  COMPARISON  OF  WALL  INTERFERENCE  CORRECTIONS  FOR 
VARIOUS  TYPES  OF  TEST  SECTIONS  (SUBSONIC  FLOW) 

It  was  shown  in  the  preceding  sections  that  the  influence  of  the  flow  boundary 
conditions  in  open  and  closed  wind  tunnels  can  be  taken  into  consideration 
by  adding  correction  terms  to  the  local  velocities  around  the  model.  One  of 


Fig.  4.1 1,  Pressure  distribution  of  double-wedge  airfoil  in  free  flight  at  Mach  number 
one,  in  choked  closed  wind  tunnel,  and  in  sonic  free-jet,^ 


the  most  signiflcant  corrections  in  transonic  testing  refers  to  the  effective 
flow  velocity  which  corresponds  to  the  flight  velocity  in  unlimited  air  space. 
Various  theoretical  methods  have  been  successfully  employed  to  determine 
the  correct  wind  tunnel  velocity  and  its  dependence  on  Mach  number.^ 

For  open  wind  tunnels,  for  example,  the  velocity  corrections  due  to  the 
solid  model  displacement  was  found  to  be  in  a  first  order  approximation: 


^VxIVoQ 


1  Vol 

- .  A' . - 

(I-iV/oo2)3/2  At^/2 


where  Moo  is  the  corrected  Mach  number  and  K  is  a  constant  depend¬ 
ing  upon  tunnel  as  well  as  model  geometry.  The  velocity  corrections 
according  to  the  above  equation  have  been  determined  for  many  tunnel 
and  model  configurations  with  the  assumptions  that  the  compressibility 
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effect  can  be  linearized  and  that  the  model  dimensions  are  small  in  com¬ 
parison  to  the  tunnel  dimensions  and,  therefore,  second  and  higher  order 
terms  of  the  ratio  of  wing  chord/tunnel  height,  C  H,  may  be  neglected.  For 
a  circular  cross-sectional  wind  tunnel,  the  velocity  corrections  according  to 
the  above  equation  are  shown  in  Fig.  4.12. 


MACH  NUMBER,  M«, 

Fig.  4.12.  Velocity  corrections  in  open^  closed  and  partially  open  wind  tunnels 
as  function  of  Mach  number,^ 


For  a  closed  wind  tunnel,  theoretical  investigations  for  the  model  dis¬ 
placement  influence  resulted  in  first  order  wind  tunnel  corrections  which 
follow  the  same  equation  as  for  open  tunnels.  However,  the  sign  is  opposite 
to  the  open-tunnel  corrections  and  the  value  of  the  constant  K  is  different. 
Again,  for  a  circular  cross  section,  the  closed  wind  tunnel  correction  was 
calculated  and  is  represented  in  Fig.  4.12.  It  should  be  noted  that  the 
closed  tunnel  correction  is  four  times  as  large  as  the  open  tunnel  correction 
and  that  both  corrections  tend  asymptotically  to  infinity  when  the  Mach 
number  approaches  one.  The  magnitude  of  the  velocity  correction  indicates 
that  the  first  order  correction  calculations  arc  no  longer  reliable  near  Mach 
number  one,  and  hence,  higher  order  correction  calculations  with  the 
resulting  cumbersome  application  become  necessary  even  for  relatively  small 
models.  It  must  also  be  realized  that  the  compressibility  effect  has  been 
considered  in  the  above  correction  equation  only  in  first  order;  calculations 
for  second  or  higher  order  compressibility  correction  as  are  needed  near 
Mach  number  one  are  extremely  complicated.  Even  for  the  much  simpler 
free-flight  flow,  such  refined  calculations  have  been  made  only  in  few 
special  cases,  and  are  found  to  be  impractical  for  general  wind  tunnel 
testing. 

In  order  to  avoid  this  complication,  wind  tunnel  testing  near  Mach 
number  one  has  been  frequently  accomplished  with  ver^'  small  models 
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which  can  be  expected  to  stay  within  linearization  limits  of  wind  tunnel 
corrections.  However,  the  small-model  lest  method  is  very  uneconomical 
and,  in  addition,  not  a  very  reliable  method  because  the  Reynolds  numbers 
of  the  tests  are  generally  too  small. 

To  overcome  these  difficulties,  the  most  successful  efforts  for  reliable 
transonic  w'ind  tunnel  testing  have  been  directed  toward  the  development 
of  correction-free  tunnels,  that  is,  wind  tunnels  in  which,  by  means  of  proper 
arrangement  of  open  as  well  as  closed  w’all  elements,  the  velocity  correction 
disappears  on  the  basis  of  first  order  calculations. 

For  a  wind  tunnel  with  zero-velocity  correction  due  to  model  displace¬ 
ment  in  incompressible  flow,  it  can  also  be  expected  that  at  high  subsonic 
Mach  numbers  the  velocity  correction  remains  zero  with  good  approx¬ 
imation  as  long  as  the  large  flow  disturbances  around  the  model  do  not 
extend  to  the  vicinity  of  the  tunnel  walls.  In  such  a  case  (see  Fig.  4.13),  the 
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Fig.  4.13.  Model  in  wind  tunnel  with  flow  regions  of  small  and 
large  disturbances.^ 

flow  in  the  proximity  of  the  walls,  that  is,  the  flow  which  principally  deter¬ 
mines  the  wind  tunnel  boundary  correction,  is  still  in  the  velocity  range  of 
linearized  compressible  flow  and  will  produce,  with  the  same  wall  geometry, 
zero-velocity  correction  independent  of  the  size  of  the  model  displacement. 
A  typical  curve  for  a  correction-free  wind  tunnel  is  included  in  Fig.  4.12. 
The  wind  tunnel  correction  remains  zero  independent  of  Mach  number  and 
model  size  according  to  considerations  presented  previously  and  in  Ref.  2. 

It  must  also  be  realized,  however,  that  in  partially  open  wind  tunnels 
the  zero-velocity  correction  results  begin  to  become  questionable  when 
Mach  number  one  is  approached  very  closely.  Close  to  Mach  number  one, 
the  velocity  disturbance  near  the  tunnel  walls  reaches  values  w'hich  can  no 
longer  be  considered  small  enough  for  linearization  of  the  compressibility 
effect.  This  critical  value  has  not  been  reliably  determined  by  means  of 
theoretical  studies  because  of  the  extreme  complexity  of  the  compressible 
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flow  around  a  model  in  a  mixed  wall-type  wind  tunnel.  However,  numerous 
comparative  wind  tunnel  tests  have  been  carried  out  in  various  types  of 
partially  open  wind  tunnels  to  determine  the  maximum  model  size  which 
will  produce  acceptably  reliable  results  (see  Chapter  10). 

REFERENCES 

1  Rieoels,  F.  W.  “Wind  Tunnel  Corrections  for  Incompressible  Flow.**  MAP 
Voelkenrode — VG  258 — T,  AVA  Monographs,  June,  1947. 

*  Goethert,  B.  H.  “Wind  Tunnel  Corrections  at  High  Subsonic  Speeds  Particu¬ 

larly  for  an  Enclosed  Circular  Tunnel.**  (Translation  of  DVL,  FB-1216,  May, 
1940)  NACATM-1300,  February,  1952. 

3  Ritchie,  V.  S.  and  Pearson,  A.  O.  “Calibration  of  Slotted  Test  Section  of  the 
Langley  8-ft  Transonic  Tunnel  and  Preliminary  Experimental  Investigations 
of  Boundary  Layer-Reflected  Disturbancs.**  NAC.\  RML-51 K14  July,  1952. 

^  Kleber  J.  “Preliminary  Calibration  of  a  Mock-Up  of  the  Propeller  Dynamo¬ 
meter  Installation  in  the  Cornell  Aeronautical  Laboratory  12-ft  Variable 
Density  Wind  Tunnel.’*  CAL  Report  AB-625-W-2,  May,  1950. 

*  Marschner,  B.  W.  “The  Flow  Over  a  Body  in  a  Choked  Wind  Tunnel  and  in  a 

Sonic  Free  Jet.**  J.  Aero.  Set.  23,  368-376,  April,  1956. 

*  Barish,  D.  T.  “Interim  Report  on  a  .Study  of  Mach  One  Wind  Tunneb.**  WADC 

TR-52-88,  April,  1952. 

7  Guderley,  G.  K.  “The  Wall  Pressure  Dbtribution  in  a  Choked  Tunnel.**  WADC 
rR-53-509,  December,  1953. 


BIBLIOGRAPHY 

.\cuM,  W.  E.  A.  “Wall  Corrections  for  Wings  Oscillating  in  Wind  Tunneb  of  Closed 
Rectangular  Section.**  Part  1,  .A.R.C.  19,593,  October,  1957.  Part  2,  A.R.C. 
19,756,  January,  1958. 

Acum,  W.  E.  A.  “Approximate  Wall  Corrections  for  an  Oscillating  .Swept  Wing  in  a 
Wind  Tunnel  of  Closed  Rectangular  5>cction.**  .A.R.C.  16,512,  January,  1954. 

Evans,  J.  Y.  G.  “Corrections  to  Velocities  for  Wall  Corntraint  in  a  10  x  7  Rect¬ 
angular  .Subsonic  Wind  Tunnel.**  R.M.  No.  2662,  April,  1949. 

Glauert,  H.  “Wind  Tunnel  Interference  on  Wings,  Bodies,  and  Airscreens.** 
British  A.R.C.,  R.  &  M.-1566,  1933. 

Goethert,  B.  H.  “Elxperimental  Facts  on  High-Speed  Aerodynamics  and  Brief 
Comparison  with  Theory,  Part  1.**  ATI-45169,  1948. 

Goethert,  B.  H.  “Development  of  the  New  Test  Section  with  Movable  Side  Walls 
of  the  Wright  Field  10-ft  Wind  Tunnel  (Phase  A,  Operation  with  Slots  Dow'n).** 
WADC  TR-52-296,  November,  1952. 

O’Hara,  J.  C.  “A  Design  Study  of  Wall  Liners  to  Give  a  Mach  Number  of  1.20  for 
the  WADC-CAL  Propeller  Dynamometer  Installation.*’  CAL  Report  AB-625- 
W-6,  March,  1952. 

Prandtl,  L.  “Wind  Tunnel  Corrections.**  AVA  Report  Vicr  .Abhandlungen,  Zur 
Hydrodynamik  and  Aerodynamik,  Goettingen,  1927. 

Ritchie,  V.  S.,  Wright,  R.  H.  and  Tulin,  M.  P.  “An  8-fi  .Axisymmetrical  Fixed 
Nozzle  for  Subsonic  Mach  Numbers  up  to  0.99  and  for  a  Supersonic  Mach 
Number  of  1.2.**  NACA — RM-L50A03a,  February,  1950. 

Spreiter,  J.  R.,  .Smith,  D.  W.,  Hyett,  B.  J.  “A  Study  of  the  Simulation  of  Flow 
with  Free-stream  Mach  Number  One  in  a  Choked  Wind  Tunnel.**  NASA  TR 
R-73,  1960. 

Thom,  A.  “Tunnel  Wall  Effect  from  Mass  Flow  Considerations.**  Britbh  .A.R.C 
Report  11,004,  November,  1947. 


56 


CHAPTER  5 


SUBSONIC  FLOW  IN  WIND  TUNNELS  WITH 
LONGITUDINAL  SLOTS 

l.  PHYSICAL  ASPECTS  AND  WALL  INTERFERENCE  IN- 
SLOTTED  WIND  TUNNELS  (WITHOUT  LIFT) 
a.  Wind  tunnels  with  few  wide  slots 

Since  open  and  closed  wind  tunnels  produce  deformations  of  the  stream¬ 
lines  around  models  with  opposite  sija^ns  and  thus  require  velocity  correc¬ 
tions  with  opjx>sing  signs,  wind  tunnels  with  mixed  open  and  closed  wall 
elements  can  be  exjjected  to  eliminate  flow'  distortions  and  velocity  correc¬ 
tions  if  the  op>en  and  closed  wall  elements  are  properly  distributed.  Accord- 
theoretical  investigations,  VVieselberger  determined  various  wall 
configurations  which  would  produce  a  zero- velocity  correction  for  non¬ 
lifting  bodies  of  revolution  (Fig.  5.1).  He  demonstrated  that  for  zero-velocity 
correction  the  ratio  of  op>en  to  closed  wall  elements  must  differ,  depending  on 
the  arrangement  of  the  open  areas  and  the  cross-sectional  shape  of  the  wind 
tunnel.^  In  the  sp)ecific  case  of  a  rectangular  cross  section,  the  two  open 
sidewalls  must  be  shorter  than  the  solid  upp)er  and  lower  walls  to  produce 
a  zero-velocity  correction  (side  ratio  b'a  =  1.17)  at  the  plane  of  the 
model. 

As  noted  in  Chapter  4,  the  streamlines  around  a  model  in  the  ncighlK)r- 
hood  of  open  wall  elements  bulge  more  than  in  free  flight.  This  difference 
results  from  the  necessity  of  building  up  the  static  pressure  in  the  test  section 
from  the  low  values  around  the  model  to  an  undisturl:)cd  pressure  along  the 
free-jet  l)oundar>'.  On  the  other  hand,  the  streamlines  along  the  closed  w'all 
portions  of  a  slotted  w'all  straighten  out  to  follow  the  plane  of  the  wall. 
Because  of  the  large  relative  size  of  the  individual  open  or  closed  wall  ele¬ 
ments  in  tunnels  with  few  slots,  the  correct  streamline  curvature  exists  only 
in  a  small  region  around  the  tunnel  centerline.  Outside  this  region,  stream¬ 
line  deformation  typical  of  either  the  open  or  the  closed  wall  w'ill  be  pre¬ 
dominant. 

Wind  tunnels  wdth  wide  longitudinal  slots  of  the  VVieselberger  type  have 
serious  disadvantages  for  practical  transonic  testing.  First,  the  power 
requirements  are  considerably  larger  than  those  for  closed  wind  tunnels 
since  the  mixing  losses  along  free-jet  l)oundaries  are  several  times  larger  than 
the  friction  losses  along  closed  walls.  This  fact  is  documented  by  a  comparison 
of  the  power  requirements  for  typical  open  and  closed  wind  tunnels  (Fig. 
5.2).  Open  wind  tunnels  require  at  least  twice  as  much  power  to  achieve 
the  same  velocity  as  closed  wind  tunnels  of  similar  size.  Secondly,  in  open 
w^ind  tunnels  flow'  pulsations  can  become  very  disturbing  because  of  the 
periodic  shedding  of  vortices  from  the  mixing  zone  at  the  free-jet  boundaries. 
The  pressure  waves  resulting  from  these  boundary  vortices  become  steeper 
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Fig.  5.1.  Velocity  corrections  in  rectangular  tunnel  with  open  sides  for 
small  spherical  models 


Fig.  5.2.  Comparison  of  drive  power  for  open,  closed  and  slotted 
wind  tunnel  {12  in,  diameter),* 
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as  the  local  velocity  reaches  sonic  speed.  They  propagate  themselves  up¬ 
stream  with  the  relative  velocity,  ^rei  =  a  —  that  is,  they  tend  to  become 
stationary  when  the  local  flow  velocity  approaches  the  sonic  speed.  A  good 
demonstration  of  the  type  of  disturbance  to  be  expected  from  such  vortex 
shedding  is  shown  in  the  Schlieren  picture  of  a  two-dimensional  airfoil 
model  with  a  blunt  trailing  edge  (see  Fig.  5.3).  It  is  clear  that  the  pressure 


Fig.  5.3.  Schlieren  photograph  of  airfoil  with  blunt  trailing  edge^ 
illustrating  periodic  vortex  formation  at  M  =* 

waves  produced  by  the  periodic  shedding  of  trailing-edge  vortices  become 
stationary  when  they  travel  into  the  high-subsonic  velocity  field  around  the 
model  mid-chord  point.  When  local  supersonic  fields  with  terminating 
shock  waves  occur  around  models  in  high-subsonic  flight,  the  model- 
produced  pressure  waves  will  produce  the  well-known  type  of  fluctuating 
shock  waves.  However,  the  shock-wave  fluctuations  produced  by  the  model 
itself  must  not  be  confused  with  the  shock-wave  fluctuations  produced  by 
disturbance  waves  originating  along  the  free-jet  boundary  or  at  the  wind 
tunnel  diffuser.  Since  both  types  of  fluctuations  frequently  occur  simul¬ 
taneously,  it  is  difficult  to  separate  them,  and  the  danger  of  gathering 
erroneous  wind  tunnel  data  exists. 
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Fig.  5.4.  Influence  of  sonic  throat  behind  closed  test  section  on  shock-wave  stabilization  at  Mach  number  0.78 
{photographs  by  Th.  DFL^  Braunschweig), 
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In  closed  wind  tunnels,  the  upstream  movement  of  pressure  waves 
originating  in  the  tunnel  diffuser  can  be  successfully  prevented  by  a  control¬ 
lable  second  throat  having  sonic  flow  (see  Fig.  5.4).  With  open-jet  wind 
tunnels  or  mixed-type  wind  tunnels  with  large  open  wall  elements,  no  such 
positive  method  of  preventing  the  upward  movement  of  pressure  waves 
exists. 

b.  Wind  tunnels  with  many  narrow  slots 

The  disadv'antages  of  large  open-area  wind  tunnels  can  be  effectively 
reduced  when  the  open  wall  elements  are  broken  up  into  numerous  narrow 
slots.  In  this  case,  the  p>ower  requirements  are  also  reduced  since  the  large 
vortices  are  replaced  by  numerous  small  vortices,  and  the  total  open  area, 
that  is,  the  sum  of  the  areas  of  all  individual  slots,  is  essentially  reduced  for 
the  case  of  correction-free  flow. 

The  early  work  done  on  multi-slot  test  sections  by  the  NACA  became 
widely  known  in  1948.2  the  case  of  longitudinally  slotted  wind  tunnels 
with  ten  slots,  it  was  found  that  an  open-to-total  area  ratio  of  approximately 
12  per  cent  was  necessary  to  eliminate  the  velocity  correction  required  by 
three-dimensional  model  displacement  (Fig.  5.5).  This  ratio  compares  with 


Fig.  5.5.  Calculated  velocity  corrections  in  slotted  wind  tunnel  based  on  various 
approximation  methods  as  function  of  open^area  ratio,^ 


the  ratio  of  36  per  cent  required  by  the  Wieselberger  test  section  with  two 
open  side  walls,  a  demonstration  of  the  significant  reduction  in  the  open 
area  required  for  correct  ion -free  wind  tunnels  when  the  number  of  slots  is 
increased. 

The  early  NACA  work  on  slotted  wind  tunnels2  was  based  on  potential 
flow  calculations  in  which  the  condition  of  Vy  =  0  along  the  closed  wall 
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parts  and  of  =  0  along  the  open  wall  parts  was  satisfied  by  a  disturbance 
flow  field  superposed  in  the  conventional  manner.  These  flow  disturbances 
are  strong  in  the  proximity  of  the  slots,  but  they  tend  to  eliminate  each 
other  at  large  distances  from  the  slotted  walls,  since  the  radial  extent  of 
the  non-uniform  flow  region  in  the  proximity  of  the  slotted  wall  is  propor¬ 
tional  to  the  distance  between  slot  centerlines. 

If  the  number  of  slots  is  increased,  the  width  of  the  region  of  non-uniform 
flow  near  the  wall  is  reduced  at  the  same  rate  as  the  decrease  in  distance 
between  slot  centerlines.  In  the  case  of  a  fine-grain  test  section,  the  region 
of  non-uniform  flow  shrinks  to  a  narrow  zone.  Inside  this  zone,  the  influence 
of  each  individual  slot  is  noticeable  j  outside  there  is  only  the  uniform  overall 
effect  of  a  partially  open  wall  (Fig.  5.6).  Furthermore,  if  the  open-to-closed 


CENTWnfGAL  FORCE 
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REGtONS  OF  LARGE  OfSTURBAAfCE  VELOOllES 


(b)  COARSELY  SLOTTED  WALLS  (8  SLOTS)  (b)  RNELY  SLOTTED  WALL  (16  SLCfTS) 

AR|6=  ^  ARe 

Fio.  5.6.  Influence  of  number  of  slots  {equal  open-area  ratio,  s/d)  on  width 
of  the  regions  with  large  disturbance  velocities, 


area  ratio  is  chosen  correctly,  the  flow  inside  the  narrow  near-wall  strip 
coincides  with  the  flow  in  free  flight,  that  is,  streamline  shapes  and  local 
disturbance  velocities  are  identical  with  those  occurring  in  free  flight.  When 
this  is  the  case,  the  static  pressure  along  the  inside  boundary  of  the  narrow 
non-uniform  flow  region  is,  in  general,  different  from  the  pressure  of  the 
undisturbed  free  flow,  and  the  static  pressure  on  the  plenum  chamber  side 
of  the  slotted  test  section  remains  equal  to  the  undisturbed  pressure.  Conse¬ 
quently,  the  static  pressure  must  change  rapidly  within  the  narrow  strip 
close  to  the  slotted  wall.  In  particular,  the  pressure  build-up  in  this  zone  of 
non-uniform  flow  must  be  equal  to  the  entire  pressure  build-up  which  would 
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occur  in  free  flight  beyond  the  test  section  between  the  tunnel  wall  and 
infinity.  Since  the  pressure  build-up  lateral  to  the  streamlines  is  produced 
by  centrifugal  forces,  the  centrifugal  forces  in  the  narrow  strip  near  the  wall 
must  be  magnified  by  the  arrangement  of  the  slots  so  that  they  exceed 
significantly  the  centrifugal  forces  ordinarily  occurring  in  free  flight  at  this 
distance  from  the  model. 


c.  Pressure  build-up  in  flow  through  slotted  walls 

The  mechanism  by  which  the  flow  through  a  slotted  wall  magnifies  the 
centrifugal  forces  can  be  readily  understood  from  a  consideration  of  Fig.  5.6. 
Figure  5.6a  show's  a  typical  streamline  pattern  in  the  axial  direction;  Fig. 
5.6b  shows  a  cross  section  of  the  region  of  non-uniform  flow  near  the  slotted 
wall.  Because  of  continuity  requirements,  the  radial  velocities  at  the  slot 
bases  are  considerably  larger  than  those  along  the  inner  Ixmndary  of  the 
non-uniform  region.  In  the  case  of  small  velocity  gradients  in  the  main  flow 
direction  (Ar-direction),  the  radial  velocities  are  inversely  proportional  to  the 
open-area  ratio  of  the  w'all,  that  is: 

d 

f f  tunnel 
S 

Since  the  radius  of  curvature  can  be  expressed  as: 


Rc 


V  I'oo 

dvridx  dVrl^X 


the  total  local  velocity  can  be  replaced,  as  a  first  approximation,  by  the 
undisturbed  velocity  Then  the  local  pressure  gradient  at  the  slot  bases  is: 


{BpI Br)f^\Qi  tjftHe 


__  pvao^  /dVr\  d 

Rc  Vco  \  ^X  /  tunnel  ^ 


_ 

s\  dr/  tunnel 

The  magnification  of  the  pressure  gradients  at  the  slot  base,  therefore,  is 
directly  proportional  to  the  open-area  ratio  of  the  slotted  wall,  since 

d/s  =  i'ltotal/ ^8lot 


At  other  locations  within  the  disturbed  flow  annulus,  the  local  centrifugal 
forces  are  different  from  those  at  the  slot  base.  Their  distribution  within  the 
disturbance  region  depends  only  upon  the  slot  open-area  ratio  when  points 
of  equivalent  locations,  that  is,  constant  nsjd  and  tnjd,  arc  considered,  and 
the  main  flow  parameters,  such  as  velocity,  density,  and  flow  curvature,  are 
constant.  The  local  pressure  gradients  at  any  position  within  the  region 
near  the  wall  can  therefore  be  wTitten: 


{dpldr) 


pVcK? 

Voo 


tunnel 


6 
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where 


tunnel 


is  the  streamline  curvature  at  the  inner  boundary  of  the  annular  disturbance 
zone. 

The  total  pressure  build-up  in  the  non-uniform  flow  rej^ion  of  the  slotted 
wall  is  determined  by  the  summation  of  all  individual  centrifugal  forces 
over  the  radial  width  of  the  non-uniform  flow  area.  Since  at  a  constant 
open-area  ratio  the  radial  width  is  proportional  to  the  distance  between 
slots,  a  total  pressure  build-up  through  the  non-uniform  flow  region  can  be 
expected  as  follows: 


A/>  =  (^/>/ar)mean  =  const  {dpldr)iioib&t»  d 

or  finally: 


^plq  = 


A/> 

(p/2)t'=c2 


d{VrlVa,) 


d{xid) 


■f{sld) 


Detailed  mathematical  calculations®-'*  resulted  in  the  determination  of 
the  function  f{d;s)  when  slowly  changing  flow  curvature  in  the  axial  direc¬ 
tion  and  small  values  of  d;R^  as  is  generally  the  case,  arc  assumed.  With  these 
results  inserted  and  realizing  that  vrjv^  ~  6^^  the  above  equation  can  be 
written  finally  as: 


2  /TT  s\ 

^Pl,  = 


tSfjp 

d{xld) 


=  -2/ 


/•J  \  <  ^w 

V//  d{xld) 


It  has  been  shgwn  that  this  equation  is  valid  for  subsonic,  transonic  and 
supersonic  flow  as  long  as  the  disturbance  velocities  in  the  slotted  wall 
region  arc  kept  sufficiently  small  in  relation  to  the  frec-stream  velocity.^ 
The  above  equation  defines  the  pressure  build-up  which  occurs  in  the 
non-uniform  flow  region  near  the  slotted  wall.  For  multi-slotted  test-section 
walls,  the  width  of  this  region  is  small  (see  Fig.  5.6).  Since  in  the  case  of 
wind  tunnel  correction  calculations,  the  flow  at  some  distance  from  the  wall 
is  of  main  significance  the  actual  flow  around  the  individual  slots  may  be 
disregarded,  and  only  the  overall  effect  of  the  slotted  wall  need  be  con¬ 
sidered.  It  is  therefore  permissible  in  such  calculations  to  replace  the  actual 
wall  with  a  fictitious  wall  which  produces  the  same  effect  as  the  real  wall 
at  some  distance  from  the  wall.  According  to  the  preceding  equations,  the 
boundary  condition  which  must  then  be  satisfied  by  the  fictitious  wall  is 
as  follows:  the  pressure  disturbance  produced  by  the  model  in  the  wind 
tunnel  must  be  compiensatcd  by  the  pressure  rise  through  the  fictitious  wall 
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SO  that  at  the  plenum  chamber  side  of  the  wall  the  undisturbed  free-stream 
pressure  is  maintained.  That  is; 

fictitious  =  A/?Hlotled  wall 
By  using  the  linearized  flow  relationship, 

A  Vx 

^p\q  =  -2 -  = 

f^oo 

the  alx)ve  equation  can  be  written : 

<j>Z’\~f{sld)d<f>xy  =  0 

with 

1  /tt 

f{sld)  =  logsinj--) 

TT  '2  aj 

This  equation*  represents  the  boundary  conditions  to  be  satisfied  by  the 
fictitious  slotted  wall.  It  should  be  noted  that,  in  comparison  with  the 
boundary’  condition  for  open  walls,  =  0,  and  for  closed  walls  <f>y  =  0, 
the  boundary  condition  represented  by  the  equation  for  slotted  wall  contains 
one  more  term;  this  fact  makes  it  possible  to  influence  the  flow  field  in  the 
wind  tunnel  by  means  of  additional  parameters,  that  is,  by  the  slot  width 
and  the  distance  between  slots. 

d.  Influence  of  slot  width 

It  was  concluded  in  Chapter  5,  Section  Ic  that  the  pressure  build-up 
occurring  in  curv’ed  flow  as  it  approaches  a  slotted  wall  is  directly  propor¬ 
tional  to  the  distance  between  slot  centers.  This  fact  is  readily  understood 
when  it  is  realized  that,  for  a  given  wall  open-area  ratio,  the  radial  extent 
of  the  high-curvature  region  near  the  wall  is  proportional  to  the  distance 
between  slots.  Also,  since  the  distribution  of  the  local  velocities  and  centri¬ 
fugal  forces  must  be  the  same  relative  to  slot  width  and  distance,  the  total 
build-up  of  the  static  pressure  in  the  high-curvature  region  must  be  propor¬ 
tional  to  the  radial  extent  of  the  high-curvature  region  or,  as  stated  before, 
to  the  distance  between  slot  centers.  Thus,  to  maintain  a  desired  value  of 
the  additional  pressure  build-up  in  the  case  of  a  large  number  of  slots,  it  is 
necessary  to  reduce  the  slot  w'idth  and  thus  to  compensate  for  the  smaller 
width  of  the  high-curv’ature  region  by  increasing  the  curvature  of  the  flow 
in  the  slot  region. 

Slotted  walls  with  a  large  number  of  narrow  slots  therefore  offer  the 
significant  advantage  of  a  correction-free  wind  tunnel  with  a  small  wall 
open-area  ratio  and  consequently  permit  a  reduction  in  the  p)ower  require¬ 
ments  and  flow  fluctuations  associated  with  free-jet  boundaries  (see  Fig. 
5.2).  The  theoretical  limit  of  this  reduction  of  slot  width  is  reached  when  the 
normal  flow  in  the  slots  approaches  sonic  velocities  and  begins  to  choke. 
However,  in  reality,  the  validity  limit  of  the  theory  presented  is  reached 
much  sooner;  that  is,  whenever  the  normal  velocity  through  the  slots  is  no 

♦  Subscripts  x  and  y  indicated  differentiations  vs.  x  and  respectively. 
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longer  small  in  relation  to  the  free-flow  velocity  (as  required  for  first  order 
approximations) . 

Theoretical  results  showing  the  necessary’  open-area  ratio  for  various 
slotted  walls  obtained  from  the  above  “fictitious-equivalent  w’air*  theory’ 
are  presented  in  Fig.  5.7  as  a  function  of  slot  number*  for  three-dimensional 


NUMBER  OF  SLOTS 


Fig.  5.7.  Open-area  ratio  of  circular  slotted  wind  tunnels  for  vanishing  velocity 
corrections  as  function  of  slot  number.^ 

models  in  correct  ion-free  circular  wind  tunnels.^  The  rapid  decrease  in  open- 
area  ratio  required  with  increasing  slot  number  is  apparent.  For  example, 
with  eight  slots,  an  open-area  ratio  of  6.6  per  cent  is  required;  with  sixteen 
slots,  this  ratio  is  reduced  to  0.7  per  cent. 

For  two-dimensional  models  and  tunnels,  the  required  slot  width,  con¬ 
sidered  as  a  function  of  slot  number,  exhibits  a  similar  trend®.  Figure  5.8 
shows,  how^ever,  that  in  this  case  considerably  smaller  open-area  ratios  arc 
required  to  produce  correct  ion -free  w’ind  tunnel  flow.  At  a  distance  between 
slot  centerlines  of  40  per  cent  of  the  tunnel  height,  which  is  approximately 
the  same  relative  distance  between  slots  as  in  the  three-dimensional  case 
with  eight  slots  distributed  over  the  circumference  of  a  circular  tunnel,  an 
open-area  ratio  of  only  0.57  per  cent  is  required  instead  of  the  6.6  per  cent 
needed  for  the  three-dimensional  case. 

The  influence  of  deviations  from  the  correct  open-area  ratio  is  shown  in 
Fig.  5.9  for  circular  wind  tunnels  with  eight  slots.  It  is  apparent  that  devia¬ 
tions  towards  more  “closed  wall”  configurations  have  considerably  more 

•  The  mathematical  methods  of  calculating  the  velocity  corrections  are  generally 
the  same  as  those  used  for  the  downwash  corrections  for  lift.  Other  methods  are 
indicated  in  more  detail  in  Section  5  of  this  chapter. 
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influence  than  deviations  towards  more  “open  wall”  configurations.  There¬ 
fore,  it  is  advisable  to  select  a  somewhat  “too-open”  slot  width  in  order  to 
avoid  overshooting  into  the  more  sensitive  “too-closed”  region. 


Fig.  5.8.  Open-area  ratio  for  zero-velocity  correction  for  small  two-dimensional  model 
in  two-dimensional  slotted  tunnel  as  function  of  slot  spacing^ 


Fig.  5.9.  Velocity  correction  for  circular  tunnel  with  eight  longitudinal  slots 
as  function  of  open-area  ratio.^ 
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2.  CHARACTERISTICS  OF  SPECIAL  SLOT  CONFIGURATIONS 
a.  Slotted  walls  with  protruding  slats 

The  efTectivencss  of  a  slotted  wall  diminishes  rapidly  when  the  distance,  dy 
between  slot  centers  is  reduced,  for  example,  when  the  number  of  slots  is 
increased  for  a  constant  w'all  open-area  ratio.  It  is  jx>ssible  to  compensate 
for  this  loss  of  effectiveness  by  using  solid  wall  portions  (slats)  which  protrude 
into  the  test  section  and  by  equipping  the  slots  with  solid  or  perforated 
sidewalls  to  guide  the  flow  (see  Fig.  5.10a).  With  such  a  wall,  the  flow 
between  the  sidewalls  of  the  slots  is  curved,  with  the  radius: 


S  Vco 
d  dvridx 


where  Vr  is  the  mean  radial  velocity  component  of  the  flow  in  the  vicinity 
of  the  slotted  wall.  Consequently  the  additional  pressure  build-up  of  flow 
within  slots  of  a  height,  /,  is  calculated  with  the  assumption  of  potential 
flow  in  the  slots: 
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the  entire  pressure  build-up  of  such  a  wall  is: 


AA  9  = 


2 


C0a 


d{xjd) 


7) 


It  is  evident  from  this  equation*^  that  increases  in  the  slot  height,  /,  support 
the  slot  effect.  Consequently,  slotted  walls  with  protruding  slats  can  be  made 
more  open  than  conventional  slotted  walls  without  changing  the  wall 
characteristics. 

Varying  the  slot  height  is  an  additional  means  of  adjusting  the  slot 
effect  to  the  required  values  so  that  matching  of  the  wall  and  model  charac¬ 
teristics  can  be  more  readily  achieved  without  approaching  critical  condi¬ 
tions  resulting  from  choking  or  from  excessively  large  radial  velocity  compo¬ 
nents  to  which  the  linearized  theory  can  no  longer  l^c  applied.  When  it  is 
realized  that  the  protruding  slat  effect  can  also  be  accomplished  by  guide 
plates  which  extend  into  the  test-section  flow  (Fig.  5.10b),  it  is  apparent 
that  a  slotted  wind  tunnel  with  controllable  effectiveness  could  be  simply 
built  by  providing  for  adjustability  of  the  slot  sidewalls.  In  spite  of  these 
apparent  advantages,  no  experiments  with  such  special  slotted  walls  are 
known  in  the  literature. 


b.  Slotted  walls  with  perforated  cover  plates 

In  the  preceding  paragraphs  it  was  showTi  that  an  ideal  slotted  wall 
produces  a  pressure  change  in  the  cross  flow  through  the  wall,  mainly  as 
a  result  of  the  flow  curvature  which  is  amplified  by  the  slots.  The  pressure 

*  Note:  log  sin[(7r/2) '  {sjd)]  is  always  a  negative  term. 
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*  (o)  SLOTS  WITH  EXTERNAL  SIDE  PLATES 


i 


(b)  SLOTS  WITH  INTERNAL  SIDE  PLATES 


(c)  SLOTS  WITH  PERFORATED  COVER  PLATES 


d.  Photograph  of  slotted  test  section  with  perforated  cover  plates 
{model  of  Wright  Field  10  ft  wind  tunnel). 

Fig.  5.10.  Slotted  walls  with  different  slot  configurations. 


TRANSONIC  WIND  TUNNEL  TESTING 


drop  in  friclionless  cross  flow  without  curvature  is  determined  approximately 
by  the  Bernoulli  equation: 


This  second-order  term  for  the  pressure  drop  is,  generally,  small  in  com¬ 
parison  with  the  term  representing  the  curvature  effect  and  is  usually 
neglected  in  wind  tunnel  correction  calculations. 

However,  experiments  show  that  in  actual  flow,  even  in  the  case  of  non- 
cur\^ed  streamlines,  a  pressure  drop  occurs  which,  at  moderate  cross-flow 
velocities,  is  approximately  linearly  proportional  to  the  cross-flow  velocity, 
that  is: 


Aplq  =  K—  =  K6w 

Vco 

This  pressure  drop  can  be  explained  as  the  result  of  friction  or  local  separa¬ 
tion  zones  (see  Fig.  5.11);  it  can  also  be  increased  artificially  by  covering 


MASS  FLOW  THROUGH  SLOT  PER  LENGTH,  AX  ^  Am  -  (^  V)h  S  AX 


Fig.  5.11,  Cross-flow  characteristics  of  single  longitudinal  slot  {unpublished  data  of 
AEDC  transonic  model  tunnel  by  Gardenia  and  Chew), 


the  slots  with  perforated  plates  (Fig.  5.10c).  Generally,  perforated  plates  in 
oblique  flow  have  a  pressure  drop  approximately  linearly  proportional  to 
the  cross- flow  velocity.  The  factor  K  in  tlic  alxive  pressure  equation  then 
depends  ujxin  the  geometry'  of  the  cover  plates  and  the  open-area  ratio  of 
the  basic  slotted  wall. 
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Thus  the  pressure  change  in  a  curved  flow  crossing  a  slotted  wall  which 
has  protruding  slots  and  perforated  cover  plates  can  be  written  finally  as: 


In  this  equation,  Sp  q  represents  the  effective  pressure  difference  between 
the  test  section  and  the  plenum  chamber  (positive  when  plenum  chamber 
pressure  is  higher). 

The  same  relationship  can  also  be  expressed  as  a  differential  equation  in 
terms  of  the  velocity  potential, 


This  equation*  must  \yc  satisfied  along  the  wall  which,  for  the  purpose  of 
these  interference  calculations,  has  been  assumed  to  be  homogeneous. 

A  wall  such  as  that  described  by  the  above  equation  has  four  geometrical 
parameters  which  can  be  selected  independently  of  each  other: 

1 .  Open-area  ratio  of  basic  slots,  sUi, 

2.  Distance  between  slot  centers  in  relation  to  the  tunnel  diameter,  (i;D. 

3.  Height  of  slot  sidewalls  in  relation  to  slot  width,  lis. 

4.  Pressure  drop  constant  of  cover  plates,  h\ 

The  first  three  parameters  influence  the  magnitude  of  the  flow  curvature 
term,  and,  hence,  the  calculations  for  conventional  slotted  walls  can  be 
applied  to  determine  the  interference  effects  of  slotted  walls.  The  fourth 
parameter  is  basically  of  a  different  nature,  and  the  determination  of  the 
resulting  wind  tunnel  flow  requires  other  methods  (see  Chapter  6). 

The  final  equation  shown  above  indicates  the  wall  boundary  condition 
resulting  from  the  combined  influence  of  all  four  wall  parameters.  It  can  be 
used  profitably  when  the  degree  of  matching  between  model  flow  in  free 
flight  and  wall  characteristics  is  to  be  determined.  F'or  example,  for  a  typical 
model  in  a  subsonic  wind  tunnel,  the  addition  of  perforated  cover  plates 
would  not  serve  a  useful  purpose  since,  as  will  be  shown  in  Chapter  6,  no 
improvement  of  the  matching  between  model  requirements  and  wall 
characteristics  would  result.  On  the  other  hand,  for  a  model  in  a  supersonic 
wind  tunnel  an  improvement  in  matching  would  result  from  the  addition 
of  suitably  selected  cover  plates  (see  Chapter  9). 

3,  DISTRIBUTION  OF  VELOCITY  CORRECTIONS  ALONG  MODEL 
a.  Slots  with  constant  width 

The  velocity  corrections  for  coarsely  slotted  and  fine-grain  multi-slotted 
wind  tunnels  discussed  previously  refer  to  the  center  point  of  the  test  models. 
In  the  special  case  of  a  correction-free  tunnel  with  slots  of  constant  width, 
the  velocity’  correction  disappears  only  at  the  mid-point  of  the  model;  at 
other  points  along  the  surface  the  velocities  differ  from  free-stream  values. 
This  variation  of  wall-produced  disturbance  velocities  is  shown  in  Fig.  5.12 

•  Subscripts  x  and  y  indicate  differentiations  v’s.  x  and  y^  respectively. 
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for  a  small  model  whose  displacement  is  simulated  by  a  doublet.^  The  flow 
around  the  model  is  somewhat  distorted  in  a  manner  similar  to  the  distor¬ 
tion  of  the  flow'  around  models  in  open  and  closed  wind  tunnels.  However, 


% 


Fig.  5.12.  Velocity  corrections  at  centerline  of  circular  tunnel  with  eight 
longitudinal  slots.^ 


in  the  slotted  w'ind  tunnel,  the  magnitude  of  the  disturbance  velocities  is 
considerably  less  than  in  the  open  or  closed  wind  tunnel.  This  difference  in 
magnitude  remains,  even  after  a  suitable  correction  for  the  free-stream 
velocity  is  applied,  that  is,  even  when  the  actual  velocity  at  the  model 
mid-point  is  considered  equal  to  the  corrected  free-stream  v'elocily  and  is 
used  as  the  reference  point. 

b.  Slots  with  varying  width 

With  a  slotted  wind  tunnel  it  is  possible  to  vary  the  slot  in  the  flow  direc¬ 
tion  and,  in  this  way,  to  reduce  or  even  eliminate  the  wall-produced  disturb¬ 
ance  velocities  at  the  model  mid-p>oint  and  also  at  other  stations.  When  the 
slot  width  changes  only  gradually  in  the  flow  direction,  it  is  permissible  to 
apply  the  previous  equations  to  determine  slot  effectiveness  at  each  axial 
station  along  the  w'all  and  the  slot  width  required  for  proper  matching  of 
model-produced  disturbances  and  wall  geometry. 

Complete  matching  of  model  disturbance  and  wall  geometry  is  obtained 
when  the  slot-produced  pressure  build-up  along  the  wall  is  equal  to  the 
model  pressure  disturbance,  that  is: 

VKoi/V  q  /.Jot  \2dlbxld  D  \Vou\  q  /  model 
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This  equation  was  evaluated  assuming  a  small  model  in  a  circular  tunnel 
with  eight  longitudinal  slots  of  diflerent  constant  open-area  ratios.  The 
model  was  assumed  small  enough  to  allow  simulation  by  a  single  doublet. 
It  is  apparent  from  Fig.  5.13  that  the  model  disturbances  change  in  such  a 
manner  that  only  in  restricted  regions  along  the  wall  can  the  open-area 
ratio  of  the  slots  be  properly  selected.  Also,  there  is  one  region  in  particular 
in  which  the  model  disturbances  have  a  sign  opposite  to  that  of  the  slot- 
produced  pressure  build-up;  a  slot  configuration  with  characteristics 


Fig.  5.13.  Comparison  between  model-  and  slot-produced  disturbance  pressures  along 
wall  of  circular  tunnel  with  eight  slots. 

opjx)site  to  those  of  regular  slots  would  therefore  be  required.  Such  an 
“opposite  wall  efiect”  is  physically  impossible  since  it  would  be  necessary 
to  assume  a  reversal  in  the  direction  of  the  centrifugal  forces. 

With  a  slot  open-area  ratio  of  6.6  per  cent,  determined  previously  to  be 
the  correction-free  open-area  ratio  at  the  mid-point  of  the  model  (see 
Chaf)er  5,  Section  Id),  the  slot  pressure  build-up  matches  the  model  disturb¬ 
ance  pressures  in  free  flight  only  in  certain  areas.  However,  since  the  tunnel 
interference  effect  along  the  tunnel  centerline  is  the  integrated  effect  of 
the  wall  along  its  entire  length,  this  integrated-  or  mean  wall-effect  should 
match  the  requirements  much  better  than  in  the  local  areas  represented  in 
Fig.  5.13. 

It  is  also  noted  that  the  slot-produced  pressure  build-up  is  symmetrical 
with  rcsp)ect  to  the  .v-axis,  that  is,  is  symmetrical  around  the  mid-point  of 
the  model.  This  fact  represents  a  significant  advantage  of  the  slotted  w'all 
over  the  perforated  wall.  The  perforated  wall  exhibits  an  unsymmetrical 
pressure  build-up  prop>ortional  to  the  local  cross-flow  velocity,  Vrlv^,  which 
has  a  fundamentally  different  characteristic  than  the  mod  el -produced 
disturbance  pressure  along  the  wall  (sec  also  Fig.  6.3). 
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In  view  of  the  results  shown  in  Fig.  5.13,  it  would  be  advantageous  to 
narrow  the  slot  width  upstream  and  downstream  of  the  model  in  order  to 
enlarge  the  region  of  correction-free  flow  instead  of  using  a  uniform  slot 
width  over  the  entire  length  of  the  tunnel. 

4.  MACH  NUMBER  INFLUENCE  ON  THE  EFFECTIVENESS  OF 
WALLS  WITH  LONGITUDINAL  SLOTS  (WITHOUT  LIFT) 

The  preceding  calculations  concerning  the  effectiveness  of  slotted  walls  were 
made  assuming  incompressible  flow.  However,  it  should  be  realized  that  the 
velocity  comp)oncnts  perpendicular  to  a  slotted  wall  are,  in  actual  practice, 
always  of  low  subsonic  velocity,  and  the  edges  of  the  longitudinal  slots  may 
be  considered  “subsonic  leading  edges”  with  the  extreme  sweep-back  angle 
of  90^,  Consequently,  the  basic  assumption  of  the  preceding  calculations 
holds  true  for  both  subsonic  and  supersonic  flow.  Furthermore,  the  flow 
pattern  in  any  plane  perpendicular  to  the  wall  is  of  the  same  type  if  the 
flow  inclination  changes  only  very  gradually  in  the  direction  of  the  main 
flow. 

Thus,  as  in  the  slender  body  theory,  the  flow  field  in  any  plane  [perpen¬ 
dicular  to  the  main  flow  may  be  treated  as  incompressible  flow,  whether 
the  velocity  of  the  main  flow  is  subsonic  or  supersonic  (see  Ref.  6).  This 
statement  can  be  readily  understood  when  the  linearized  continuity  equation 
is  considered; 


(l-A/ac2) 


dvx 

dx 


=  0 


If  the  flow  field  changes  very  gradually  in  the  jr-direction ;  that  is,  in  the 
direction  of  the  main  flow,  then  the  expression  (I  .  bvxitx  is  consid¬ 

erably  smaller  than  the  terms;  tvyi^y  and  dvgldz^  This  is  particularly  true 
in  the  vicinity  of  the  slotted  wall  where  large  changes  of  Vy  and  Vz  occur  as 
the  flow  approaches  the  individual  slots.  Also,  in  the  range  near  Mach 
number  one,  the  factor  (1  is  substantially  smaller  than  one  and  thus 

contributes  to  making  Vy  and  Vz  the  predominant  terms  in  the  linearized 
continuity  equation.  Consequently,  the  continuity  equation  for  flow  fields 
which  change  only  very  gradually  in  the  x-dircction  may  be  written  approx¬ 
imately: 


dvy  dvz 

dy  dz 


=  0 


This  equation  is  the  familiar  continuity  equation  for  incompressible  flow  in 
the^-^  planes.  Since  it  no  longer  contains  the  Mach  number  of  the  main 
flow  (which  might  be  subsonic  or  supersonic),  the  calculations  concerning 
the  slot  effect  presented  in  the  preceding  paragraphs  arc  also  valid  for  both 
subsonic  and  supersonic  flow,  within  the  approximation  described  above. 

In  the  case  of  slotted  walls  with  perforated  cover  plates,  the  factor  K\ 
which  describes  the  pressure  drop  through  perforated  cover  plates,  may 
change  with  Mach  number  and  must  be  introduced  as  the  particular  value 
for  the  Mach  number  under  consideration  (sec  Chapter  5,  Section  2b) . 
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5.  LIFTING  WING  IN  CIRCULAR  WIND  TUNNEL 
WITH  LONGITUDINAL  SLOTS 
a.  General  discussion  of  the  lift  influence 

In  transonic  wind  tunnel  testing  the  flow  distortions  due  to  lift  are  generally 
not  as  serious  as  those  produced  by  the  displacement  of  the  model.  This  is 
readily  understood  when  the  choking  phenomenon  is  considered.  Choking 
is  caused  by  the  inability  of  the  sonic  flow  to  increase  its  stream  density,  pv, 
and  thus  to  squeeze  through  the  constricted  passage  existing  between  the 
model  and  the  tunnel  wall.  In  contrast,  the  lift  of  a  model  is  mainly  connected 
with  changes  in  flow  direction  and  resulting  effects  on  the  mean  stream  den¬ 
sity,  pv;  there  is  no  direct  effect  on  a  sensitive  parameter  of  the  sonic  flow. 


WITHOUT  UFT 


WITH  UFT 


(o)  STREAMLINE  PATTERN 


Fig.  5.14.  Influence  of  lift  coefficient  on  choking  Alach  number  of  two-dimensional  wing 
udth  thickness  ratio ^  tje  0.10^  in  closed  wind  tunnel.’^ 


Only  when  an  unsymmetrical  diversion  of  the  flow  from  one  side  of  a 
lifting  w'ing  to  the  other  occurs  docs  the  choking  effect  become  somewhat 
more  severe  (see  Fig.  5.14  and  Ref.  7). 

The  fact  that  lift  is  not  as  critical  a  parameter  as  model  displacement  is 
also  evident  from  the  fact  that  in  the  subsonic  speed  range  the  velocity 
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corrections  in  a  wind  tunnel  due  to  model  displacement  grow  with  the  third- 
p)ower  of  the  Prandtl  factor,^  that  is: 


W'here,  for  slender  models,  S/)  =  1.00.  The  flow  inclination  corrections  due 
to  lift  do  not  change  with  Mach  number  at  all  when  the  lift  coefficient  is 
kept  constant,  that  is: 


where,  for  small  wings  in  circular  closed  tunnel,  8  =  1.00. 

b.  Flow  inclination  corrections  at  the  center-of -pressure  of  a  lifting  win  ^ 

The  following  discussion  is  based  first  on  the  assumption  of  incompressible 
flow.  It  will  be  shown  later  that  the  results  can  be  readily  applied  to  com¬ 
pressible  subsonic  flow  by  means  of  a  simple  transformation. 

The  magnitude  of  the  flow  inclination  corrections  required  at  the  center- 
of-pressure  of  a  lifting  wing  can  be  determined  in  a  simple  manner  when 
the  Trefftz  theorem  is  applied.  This  theorem  states  that  the  downwash 
correction  required  at  the  center-of-pressure  of  a  lifting  wing  is  exactly  one- 
half  the  downwash  correction  required  at  infinitely  large  distances  behind 
the  wing.^  This  theory  assumes  that  all  free  vortices  which  produce  the 
downwash  correction  start  in  the  plane  of  the  wing.  This  Trefftz  theorem  is 
valid,  not  only  for  the  main  wing  free  vortices,  but  also  for  all  image  vortices 
required  to  satisfy  the  boundary  conditions.  The  determination  of  the 
downwash  at  infinitely  large  distances  behind  the  wing  in  the  so-called 
Trefftz  plane  is  therefore  greatly  simplified  since  it  is  reduced  to  a  two- 
dimensional  problem. 

For  the  purposes  of  this  survey,  the  basic  singularity  of  a  lifting  wing  is 
assumed  to  consist  of  a  horseshoe  vortex  with  its  two  free  vortices  starting 
at  the  wing  tip  and  extending  infinitely  far  downstream.  In  the  case  of  a 
w^ing  span  which  is  small  in  relation  to  the  tunnel  diameter,  the  two  free 
v'orticcs  may  be  replaced  by  a  single  doublet  line.  The  mathematical  prob¬ 
lem  is  then  to  determine  at  the  centerline  of  the  wind  tunnel  for  x  oo,  the 
dow'nw'ash  velocity  produced  by  the  interference  p>otential  required  to 
satisfy  the  mixed  wall  boundary  conditions  (Fig.  5.15). 

The  general  solutions  for  the  velocity  field  of  the  basic  doublet  and  the 
interference  flow  can  be  written  in  the  form  of  a  series,  in  complex  variables, 
(see  Ref.  10),  as  follows: 


•■10  + 2  {^»±mCOs[(«±m){]  +  5..m  sint(n+m){]} 


/?2,^[sin2(n><)  —  sin2(ni;)]* 
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with 


00 

.•I0+  2  + 


= 


m-I 


i/?2[i  -2-:2»  cos(2y)  +  c^«]*^-<»»-i) 


Fio.  5.15.  Doublet  replacing  wing^tip  vortices  in  Trefftz-plane  behind  small-span 

wing  in  slotted  tunnel, 

where: 

IV  =  Complex  velocity  of  doublet  with  interference  field 
2n  =  Number  of  slots  of  equal  width  equally-spaced 
2v  angle  indicating  width  of  slots  (sec  Fig.  5.15) 

^  =  complex  coordinate  (distance  from  tunnel  center)  =  Rz  =  Re^^. 

6  =  direction  angle  of  vector 
R  =  tunnel  radius 
m  =  1,2,  3,...  =  constant 
A,  R  =  constants  (real  numbers). 

It  can  be  readily  verified  that  the  alxive  equation  satisfies  the  boundary 
conditions  of  the  slotted  wall.  At  the  wall  ^  =  Re^^;  hence,  {wall  =  ^  is  a 
real  value. 

For  the  open  parts  of  the  wall 

nu  > 

and  the  term 


fsin2(„j;)-sin2(H{)]i 

is  a  real  value.  Consequently,  the  velocity  vector  has  the  direction  of  the 
local  coordinate,  z,  that  is,  it  is  perpendicular  to  the  tunnel  boundary. 
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On  the  Other  hand,  when  («v)  <  («{)»  solid  wall 

parts,  the  root  becomes  imaginary,  and  the  velocity  vector  is  oriented  per¬ 
pendicular  to  z»  These  two  velocity  directions  satisfy  the  boundary  condi¬ 
tion. 

For  the  area  around  the  tunnel  center  {z  ->  0),  the  denominator  of  the 
above  equation  for  W  is  directly  proportional  to  Hence,  the  velocity 

IV  in  this  area  can  be  represented  by  a  simple  power  series  of  z>  The  con¬ 
stants  A  and  B  must  be  determined  in  such  a  way  that  at  the  tunnel  center 
only  singularities  with  terms  ^"2  remain  (they  represent  the  singularity  of 
the  original  doublet)  and  that  the  symmetry  of  the  velocity  field  is  properly 
considered. 

Calculations  based  on  these  requirements  are  described  in  Ref.  10;  the 
results  for  the  downwash  correction  at  the  wing  (x  =  0)  in  tunnels  of  various 
configurations  are  presented  in  the  form: 

3tcorr  =  Otgeom  +  Aa  =  scgeom  H — - - — ^ 

8  At 

Tunnel  with  Two  Slots  (n  =  1)  with  the  Open  Slots  Located  near  the  Wing  Tips. — 
In  the  case  of  a  tunnel  with  open  slots  located  near  the  wing  tips,  the  value 
6  is  then: 


8  =  cos(7rr) 

where  c  =  the  ratio  of  open  to  total  wall  area. 

Thus  for  r  =  0  (closed  tunnel),  8  =  1 ;  for  c  =  1  (open  tunnel),  the 
result  is  8  =  —  1.  In  order  to  make  the  correction  zero  (8  =  0),  the  tunnel 
wall  must  be  exactly  half  open  and  half  closed  (see  Fig.  5.16). 


Tunnel  with  Two  Slots  (n  =  1)  with  the  Open  Wall  Areas  located  above 
and  below  the  Wing. — In  the  case  of  a  tunnel  with  two  slots  with  the  open 
wall  areas  located  alx)ve  and  below  the  wing,  the  value  of  8  is:^® 


8  = 


1  - 2  sin2[(  1  - c)w/2]  sin26l^^  /  d0 

{l-sin2[(l-f)7r/2]  sin2^}*  /  J  {1 -sin2[(l -c)7r/2]  sin2tf}‘ 

0 

-f  cos[(l  —c)Tf\ 


Again  the  limits  for  open  and  closed  tunnel  walls  are  satisfied  by  8  =  —  I 
and  8  =:  +1,  respectively.  However,  it  is  found  that  the  downwash  correc¬ 
tion  becomes  zero,  that  is  8  =  0,  when  an  open-area  ratio  of  approximately 


c  =  5  per  cent 

is  established.  It  is  noteworthy  that  only  a  very  small  open  slot  area  at  the 
top  and  bottom  of  the  tunnel  is  needed  to  make  the  necessary  downwash 
correction  disapp)car  (see  Fig.  5.16).  This  is  in  decided  contrast  to  the 
arrangement  of  two  slots  located  at  the  tunnel  sides. 


Tunnel  with  2n  Slots  of  Equal  Width  Equally  Distributed  (n  >  1)  disregarding 
location  of  slots  on  top  and  bottom  or  on  sides. — In  the  case  of  a  tunnel  with  2n 
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slots  of  equal  vvicltli  equally  distributed,  disregarding  the  location  of  the 
slots  on  the  top  and  lK)ttom  or  on  the  sides,  the  value  of  the  correction 
factor  8  is:^® 


"  cos[(w-f  1)^)  d^  n.2ff(i-c)  cos[(n+ 1)^]  d^ 

a  =  -  J  {sin2[(l-r)7r/2]-sin2w^}»  /  J  {sin2[(l -r)7r/2] -sin2w<^}* 

For  any  value  of  n  >  I,  the  conditions  for  r  =  0  (closed  tunnel),  and 
c  =  1  (open  tunnel)  are  satisfied  by  the  above  relationship  (see  Fig.  5.17). 


Fig.  5.16.  Flow  inclination  corrections  for  small  wing  in  circular  tunnel 
with  two  slots, 


It  can  also  be  seen  from  this  equation  that  the  opien-area  ratio,  c,  for  correc¬ 
tion-free  tunnels,  that  is,  for  8  =  0,  meets  the  following  requirements: 

c  <  l/(«  +  l) 

Hence,  with  increasing  slot  number,  the  open-area  ratio  required  for  zero 
interference  becomes  smaller,  and,  with  infinitely  many  slots,  approaches  an 
infinitely  small  value  (sec  Fig.  5. 1 7).  These  results  are  in  agreement  with  the 
results  discussed  in  Section  Id  of  this  chapter,  that  is,  in  order  to  maintain 
its  effectiveness,  a  multi-slotted  wall  must  be  provided  with  a  progressively 
smaller  open-area  ratio  as  the  slot  number  is  increased.  On  the  other  hand, 
for  any  finite  open-area  ratio,  a  slotted  wind  tunnel  acts  as  an  open  wind 
tunnel  when  the  slot  number  is  increased  to  large  values,  n  ->x. 

For  a  circular  tunnel  with  eight  slots,  an  open-area  ratio  of  1.2  per  cent 
is  required  to  eliminate  the  flow  inclination  correction  at  the  wing. 
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c.  Flow  inclination  in  vicinity  of  lifting  wing 

The  ncccssan'  flow  inclination  correction  differs  for  different  points  in  a 
slotted  wind  tunnel;  in  particular,  the  values  of  the  downwash  corrections 
given  in  the  preceding  paragraph  are  valid  only  for  the  center-of-pressurc 
of  a  lifting  wing  simulated  by  a  single  horseshoe  vortex.  However,  by 
suitable  superpositions  of  the  horseshoe  vortices,  it  is  possible  to  determine 


Fin.  5.17.  Flow  inclination  corrections  for  smalt  wing  in  circular  tunnel 
with  several  longitudinal  slots, 


the  deviations  from  the  single  horseshoe  theory.  Moreover,  the  change  of 
the  flow  inclination  correction  in  the  flow  direction  is  important  since  it 
determines  the  flow  curvature  correction  required  along  the  main  wing,  as 
welljas  the  downwash  correction  necessary  at  the  horizontal  tail.  It  is  not 
possible  to  determine  these  corrections  using  the  simplified  analysis  in  the 
Trefftz  plane;  more  complex  calculations  are  necessary^.  By  introducing  the 
simplified  l>oundary  condition  of  a  multi-slotted  wall,  that  is,  by  replacing 
the  slotted  wall  with  an  equivalent  homogeneous  wall  (see  Section  Ic  of 
this  chapter)  the  variation  in  the  necessary  downwash  correction  along  the 
centerline  of  the  wind  tunnel  can  be  determined. 

For  the  purpose  of  these  calculations,  the  velocity  potential  of  the  original 
horseshoe  vortex  with  the  small  span  was  developed  into  the  series'*: 

*'  ~  "‘“It  J  ""'"’('V)  “’’(4)“'^ 
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where : 

Cl  =  lift  coefficient  Oi  wing 
R  =  radius  of  wind  tunnel 
Ty  Xy  o)  =  cylindrical  c(X)rdinatcs 
A  =  variable. 

The  terms  indicate  Hankel  functions  of  the  first  order,  that  is,  special 
typ)es  of  the  Bessel  functions,  as  defined,  for  instance,  in  Ref.  1 1.  The  Hankel 
function  has  the  proper  characteristics  of  disappearing  at  large  values  of 
the  argument,  r  ^  oo;  and  at  small  values,  r  ->  0,  they  develop  a  singu¬ 
larity,  00. 

The  variation  of  the  pK)tential  in  the  .t-dircction  is  reflected  in  the  above 
equation  by  the  Fourier  development  with  the  non-symmetric  terms 
sin  (Xx/R).  I'hus  the  variation  of  the  potential  in  the  r-direction  is  properly 
represented  by  the  selected  Hankel  function  since  the  above  expression  for 
satisfies  the  continuity  equation: 

,  ,  *f>r  ^ 

4>xz  +  <f>rr  H - 7“  "H  —  =  0 

r2  r 

It  should  be  noted  that  in  the  alxne  equations  the  potential  is  divided 
into  a  symmetrical  and  a  non-symmetrical  term.  The  term,  /?/r,  represents 
the  symmetrical  part,  that  is,  the  potential  of  a  pair  of  infinitely  long  vortex 
lines  with  opposite  directions  of  rotation.  The  second  term  with  the  Hankel 
function  represents  the  non-symmetrical  part,  that  is,  the  potential  of  a 
pair  of  vortex  lines  which  change  their  directions  of  rotation  at  the  origin 
;r  =  0.  Since  for  small  values  of  r,  the  Hankel  function  can  be  written : 

2  1 

A/A<i)(tAr)--- 

n  r 

and  since  the  Fourier  development  of  a  non-symmetrical  step  function  is: 


the  correctness  of  the  alx)vc  equation  for  <f>i  is  apparent. 

The  velocity  potential  ff>2  of  the  wall  interference  field  can  also  be  ex¬ 
pressed  as  a  series  in  a  similar  manner: 

0 

The  Bessel  function,  iJi{iXr;R)y  is  used  in  this  development  since  this  func¬ 
tion  is  regular  and  finite  at  all  points  within  the  tunnel,  r  ^  /?,  and  since 
it  also  satisfies  the  continuity  equation.  The  constants  Ci  and  Q^),  must  be 
determined  in  such  a  manner  that  the  boundary  condition  of  the  slotted 
wall  is  satisfied  by  the  total  p)otential, 

d  —  0 
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with 


Asid) 


By  introducing  <l>\  and  <^2  into  the  equation  for  the  boundary  conditions 
and  solving  for  the  constants  C,  the  final  result  for  the  wall  interference 
potential  is  obtained**: 


Cc  Ary  l{27rln)f(sld)-\  r 

32  At  \{27Tln)f{sld)  +  l  R 

r[i  -(27r/«)/W</)][-  -(2W«)/(j/‘/)A«W»(»a) 

J  [l-{2nln)fisld)][-iMiX)]  +(2Wn)/Wrf)AJo(«-A) 


With  this  equation  it  is  possible  to  determine  the  interference  velocities 
inside  the  wind  tunnel,  as  desired. 

For  example,  Fig.  5.18  represents  the  downwash  coiTection  necessary 
behind  a  wing  in  a  circular  wind  tunnel  with  eight  slots.  The  same  correc¬ 
tion  may  be  applied  in  the  case  of  circular  tunnels  having  a  dififerent  number 
of  slots  by  varying  the  open-area  ratio  in  such  a  manner  that  the  term 
/{sld)-n  is  kept  constant,  that  is: 


1 

-  log  sin 
n 


=  constant 


Fhe  curves  of  Figs.  5.17  and  5.18  show  that  an  eight-slotted  wind  tunnel 
requires  an  open-area  ratio  of  approximately  1 .2  per  cent  for  zero-downwash 
correction  at  the  wing  itself  and  at  large  distances  behind  the  wing.  However, 
at  small  distances  behind  the  wing  a  downwash  correction  is  necessary  in 
the  direction  of  the  closed  tunnel.  It  might  therefore  be  more  practical  in 
actual  wind  tunnel  operation  to  increase  the  open-area  ratio  slightly,  for 
instance,  to  approximately  5  per  cent.  At  the  larger  open-area  ratio,  the 
downwash  correction  needed  at  the  plane  of  the  wing  is  still  small,  only 
approximately  one-fifth  that  required  for  the  open  wind  tunnel  case. 
Furthermore,  the  required  downwash  correction  in  the  vicinity  of  the  wing 
remains  essentially  constant  so  that  a  curvature  correction  for  the  main  wing 
is  not  necessary. 

It  should  be  again  noted  that  for  a  given  slot  number  the  open-area  ratio 
required  for  zero-downw'ash  correction  is  smaller  than  that  required  to 
eliminate  the  velocity  correction. 

The  curvature  corrections  in  the  plane  of  the  main  wing,  that  is 
dAiX;d{xlR)  are  shown  in  Fig.  5.19  for  a  circular  slotted  wind  tunnel  with 
eight  slots.  Again,  the  results  are  applicable  to  wind  tunnels  which  have  a 
difTcrent  number  of  slots  when  the  open-area  ratio  is  varied  according  to: 


I 

-  log  sin 
n 


=  constant 
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X 

(dVi-m^) 

Fio.  5.18.  Flow  inclination  corrections  behind  wing  in  circular  tunnel 
with  eight  slots.^ 


Fig.  5.19.  Flow  curvature  corrections  behind  wing  in  circular  tunnel 
with  eight  slois^ 
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d.  Mach  number  influence 

Within  the  validity  of  the  Prandtl-Glauerl  approximation,  the  downwash 
correction  discussed  in  the  preceding  paragraph  can  be  readily  applied  to 
the  subsonic  compressible  flow  range.  According  to  Ref.  8  and  the  general 
discussions  preceding  this  section,  the  required  downwash  correction  as  a 
function  of  the  lift  cocflficicnt  remains  unchanged  with  Mach  number 
when  the  wind  tunnel  flow  is  distorted  according  to  the  given  similarity 
rules. 

For  example,  all  dimensions  perpendicular  to  the  flow  direction  must  be 
reduced  by  the  Prandtl  factor  while  the  dimensions  in  the  flow  direction 
remain  unchanged.  Thus,  the  open-area  ratio  of  the  tunnel  remains  the  same, 
since  both  slots  and  slats  are  distorted  by  the  same  factor.  However,  the 
tunnel  radius  is  reduced  by  the  Prandtl  factor  while  the  distances  behind 
the  wing  remain  unchanged.  Therefore  the  graphs  (Figs.  5.18  and  5.19) 
can  be  generalized  by  using  x;[/?(l  —  iVf*-)*]  as  a  universal  parameter.  It  is 
apparent  that  with  increasing  Mach  number,  the  necessary  curvature 
correction  dAx;’d(Af;7?)  is  increased  if  all  other  geometrical  parameters  are 
kept  constant. 
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SUBSONIC  FLOW  IN  WIND  TUNNELS  WITH 
PERFORATED  WALLS 

1.  BASIC  CHARACTERISTICS  OF  PERFORATED  WALLS 
a.  Pressure  change  in  cross  flow  through  perforated  walls 

Perforated  wind  tunnel  walls,  in  contrast  to  the  wind  tunnel  walls  with 
longitudinal  slots  discussed  in  Chapter  5,  are  characterized  by  a  large 
number  of  openings  which  may  l>c  either  transverse  slots  or  holes  with 
circular  or  other  cross-sectional  shapes.  The  most  essential  aerodynamic 
difference  between  these  two  types  of  walls  is  the  arrangement  of  lift- 
producing  leading  edges.  The  perforated  wall  has  numerous  openings,  each 
of  which  forms  the  leading  edge  of  a  lift-producing  wall  element.  In  the 
extremely  simplified  case  of  transverse  slotted  walls  (Fig.  6.1),  each  solid 
wall  element  acts  as  an  individual  wing  so  that  the  entire  wall  is,  in  effect, 
a  lattice  with  a  stagger  angle  of  90®.  A  longitudinally  slotted  wall  may  also 
be  considered  to  consist  of  numerous  elementary  wings  of  inhnitely  small 
aspect  ratio;  however,  within  first  order  calculations,  such  wings  arc  known 
to  produce  no  lift  at  large  distances  behind  their  leading  edges.  The  trans¬ 
verse  slotted  wall,  like  a  lattice,  produces  a  lifting  force  which  is  in  first 
order,  directly  proportional  to  the  angle  between  the  wall  surface  and  the 
approaching  flow. 

For  wind  tunnel  wall  correction  calculations,  the  flow'  around  each 
individual  slot  is  of  little  interest;  the  integrated  effect  of  the  multi-slotted 
wall  at  some  distance  from  the  wall  determines  the  amount  and  type  of  wall 
interference.  Hence,  it  is  sufficient  for  such  calculations  to  replace  the  real 
wall,  with  many  discrete  slots,  with  a  fictitious  homogeneous  wall.  This  fic¬ 
titious  wall  is  to  produce  the  same  total  lift  as  the  real  wall.  Because  the 
fictitious  wall  is  assumed  to  be  homogeneous,  the  lift  is  evenly  distributed 
over  the  wall,  and,  consequently,  a  uniform  pressure  drop  or  rise  in  the 
wall  cross  flow  is  produced.  Since  a  perforated  wall  acts  like  a  lattice  and 
since  the  lifting  force  of  a  lattice  is  proportional  to  the  flow  angle,  the 
pressure  drop  produced  by  the  fictitious  perforated  W'all  will  also  follow  this 
relationship.  Hence,  in  the  first  approximation: 

^p|q  =  KB 

where : 

\p  denotes  the  pressure  difference  between  plenum  chamber  and  test 
section 

q  is  the  dynamic  pressure  of  the  flow 

d  is  angle  between  the  wall  surface  and  the  approaching  flow  . 

The  constant  K  depends  upon  the  geometry  of  the  wall  and  the  Mach 
number  and  is  discussed  in  more  detail  in  Chapter  1 1. 
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It  is  noteworthy  that  in  the  case  of  outflow,  tlie  flow  is  attached  to  the 
wall  surface  only  at  the  test-section  side  of  the  perforated  wall;  at  the 
plenum  chamber  side  it  is  usually  completely  separated.  The  main  result 
of  this  difference  is  a  change  in  the  magnitude  of  the  constant  fi  of  the 
preceding  equation.  Experiments  have  shown  that,  even  in  the  case  of 


•SOLID  WALL  ELEMENT  LEADING  EDGE 

-SLOT  OR  HOLE 


•JitUiiHUiN 


Voo 


-MODEL 

Fig.  6.1.  Wall  with  transversal  slots  or  perforation  in  oblique  flow. 


Fio.  6.2.  Pressure  drop  characteristics  of  perforated  wall  in  cross  flow  for  incompressible 
flow  {wall  thickness  0.022  in.;  hole  diameter  0.024  in.;  open-area  ratio  20  per  cent).^ 


small  inflow  into  the  section,  the  wall  retains  its  essentially  linear  charac¬ 
teristics  (see  Fig.  6.2). 

Though  the  previous  discussion  is  concerned  with  walls  with  transverse 
slots,  it  has  been  shown  by  experiments  that  any  wind  tunnel  wall  having 
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transverse  or  oblique  slots  or  many  individual  holes  of  an  arbitrary  shape 
follows  the  general  relationship: 

^p|q  =  Ke+  A3^4-  ...  KS 


The  linear  term  in  the  above  equation  is  generally  the  predominant  one  in 
the  range  of  flow  angle  near  a  wind  tunnel  wall  and  is  the  only  term  used  in 
wind  tunnel  correction  theory  in  existing  publications. 

• 

h,  Comparison  between  perforated  walls  in  pure  isentropic  flow  and  in  highly  viscous 
flow 

I'hc  above  linear  relationship  between  pressure  drop  and  small  cross-flow 
angles  is  a  good  description  of  the  characteristics  of  perforated  walls  when 
the  flow  approaches  the  conditions  of  potential  flow,  that  is,  when  the 
friction  effects  are  negligibly  small.  In  the  case  of  large  friction  efTects,  for 
example,  when  the  boundary  layer  is  thick  in  comparison  with  the  hole 
size,  the  similarity  between  the  ffow  through  a  lattice  in  potential  flow  and 
a  perforated  wall  is  no  longer  maintained.  This  fact  is  confirmed  by  wall 
characteristic  tests  which  showed  large  non-linear  effects  of  a  sometimes 
irregular  nature  when  the  wall  spacings  were  made  small  in  relationship  to 
the  boundary  layer  thickness. 

On  the  other  hand,  when  the  walls  arc  formed  of  porous  material  with 
many  small  channels,  the  friction  forces  are  the  predominant  forces,  and, 
again,  the  pressure  drop  is  a  linear  function  of  the  cross-flow  velocity.  It  is 
interesting  that  both  extremes — perforated  walls  with  extremely  small 
friction  effects  and  porous  walls  for  which  friction  is  the  dominating  factor — 
lead  to  purely  linear  relationships  l^etwecn  the  pressure  drop  and  the  flow 
angle.  However,  a  major  difference  exists  in  the  characteristics  of  the  two 
walls.  At  constant  flow  angle,  6,  the  pressure  drop  of  perforated  walls 
increases  as  the  dynamic  pressure  of  the  approaching  flow  increases,  that  is: 

\p  =  KOqo,  =  ATflytte* 


In  the  case  of  porous  walls,  the  pressure  drop  increases  only  as  the  velocity 
component,  Vy,  perpendicular  to  the  wall,  that  is^: 


Pod  a  p 

j\p  ^  Vy  =  ATp — ^Vco  ~  — ~^qcc 

2  Vao 


In  order  to  maintain  the  same  relationship  between  model-produced 
disturbance  pressures  and  wall-produced  pressure  changes,  the  p)orous 
wall  must  be  continuously  adjusted  as  the  test  velocity  changes.  The  per¬ 
forated  wall  provides  the  desired  relationship  automatically.  A  similar 
disadvantage  in  wall  characteristics  also  exists  in  the  case  of  longitudinally 
slotted  walls  if  the  slots  are  very  narrow  and  very  deep. 


2.  FLOW  DISTORTIONS  IN  PERFORATED  WALL  WIND  TUNNELS 
When  a  model  is  installed  in  a  perforated  wall  wind  tunnel,  the  perforated 
wall  characteristics  do  not  match  the  type  of  disturbance  which  occurs  with 
a  model  in  free  flight.  Figures  6.3a  and  b  present  the  local  pressure  disturb¬ 
ances  and  the  local  flow  inclinations  of  a  wing  in  free  flight  along  a  line 
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y  =  constant;  also  the  characteristic  line  of*  a  perforated  wall  is  shown  for 
comparison  in  Fig.  6.3b.  The  discrepancy  between  the  two  curves  indicates 
that  at  subsonic  speeds  no  perfect  simulation  of  the  free-stream  conditions 
is  possible  in  perforated  wall  wind  tunnels.  The  corresponding  curves  for  a 
slotted  wall  (sec  Chapter  5,  Fig.  .5.13)  show  a  much  closer  match  between 
model  and  wall  characteristics.  Therefore,  it  can  be  concluded  that  for 
subsonic  testing  the  longitudinally  slotted  wind  tunnel  is  generally  superior 
to  the  perforated  wall  wind  tunnel. 


Fig.  6.3.  Flow  disturbances  of  wing  in  free  flight  {incompressible)  along  line 
V  =  constant  —  wing  chord  {t/c  0,28). 
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The  character  of  the  flow  distortion  can  be  most  clearly  recognized  by 
considering  a  model  in  a  wind  tunnel  which  initially  has  closed  walls,  and 
then  drilling  holes  in  selected  areas  of  these  walls.  A  model  in  a  closed  wind 
tunnel  produces  a  flow-area  constriction  in  the  region  of  its  maximum 
thickness  so  that  at  high  subsonic  Mach  numbers  “choking”  of  the  flow 
occurs.  In  free  flight,  choking  is  avoided  by  means  of  the  bulging  of  the 
streamlines.  To  simulate  free-flow  conditions  and  to  circumvent  the  choking 
phenomenon  in  the  wind  tunnel,  provisions  must  be  made  for  the  flow  to 
expand  through  suitable  openings  into  the  surrounding  plenum  chamber. 
When  such  openings  are  provided  in  the  neighborhood  of  maximum  model 
thickness  (for  example,  if  the  initially  closed  walls  were  replaced  by  perfor¬ 
ated  walk  in  this  area)  and  the  surrounding  plenum  chamber  pressure  is 
maintained  at  the  undisturbed  pressure  level,  there  would  be  no  flow  out  of  the  test 
section  into  the  plenum  chamber.  On  the  contrary,  there  would  be  flow  from 
the  plenum  chamber  into  the  test  section.  Consequently,  the  flow  constriction, 
and  thus  the  choking  difficulty,  become  even  more  severe  (Fig.  6.4).  This 
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Fig.  6.4.  Model  in  closed  wind  tunnel  with  perforated  wall  section 
in  model  region  at  subsonic  speeds. 

inflow  into  the  test  section  is  the  result  of  the  fact  that  the  pressure  around 
the  maximum  thickness  of  a  model  is  smaller  than  the  free-stream  pressure; 
thus  air  is  sucked  into  the  test  section  instead  of  flowing  to  the  outside,  as 
required  for  free-flight  simulation. 

Since  inflow  and  outflow  are  controlled  by  the  pressure  difference  be¬ 
tween  the  test  section  and  the  plenum  chamber,  it  is  obvious  that  outflow 
from  perforated  test  sections  can  be  accemplished  only  by  placing  the  wall 
openings  in  regions  in  which  the  static  pressure  is  larger  than  the  plenum 
chamber  pressure.  Such  regions  exist  at  large  distances  upstream  and 
downstream  of  the  model.  For  example,  when  the  wall  upstream  of  the  low 
pressure  region  of  the  model  is  replaced  by  perforated  material,  some  flow- 
enters  the  plenum  chamber  ahead  of  the  model  and  thus  by-passes  the 
critical  area  in  which  flow  constriction  normally  occurs  and  choking  takes 
place  at  high  Mach  numbers  (Fig.  6.5). 

When  the  entire  wall  of  a  wind  tunnel  is  perforated,  it  is  obvious  that 
both  effects  described  alxjve  occur  simultaneously.  Ahead  of  the  model, 
some  air  is  diverted  into  the  plenum  chamber.  In  the  low  pressure  regions, 
that  is,  upstream  and  downstream  of  the  maximum  model  thickness,  some 
air  is  sucked  into  the  test  section.  In  the  high  pressure  region  downstream 
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of  the  model,  air  again  fiow^  into  the  plenum  chamber  (Fig.  6.6).  The 
overall-flow  picture,  therefore,  is  highly  unsymmetrical  in  contrast  with 
free-flight  conditions.  Despite  this  lack  of  symmetry,  it  has  been  shown  that, 
with  a  proper  open-area  ratio  of  the  perforated  walls,  the  flow  velocity  at 
the  mid-p)oint  of  the  model  can  be  made  equal  to  that  of  free  flight  so  that 
no  correction  for  the  mean  effective  free-stream  velocity  is  required.  It  can 
also  be  shown  that  choking  of  the  flow  between  the  model  and  the  perfor¬ 
ated  wall  can  be  eliminated.  However,  in  such  a  case  it  is  even  more  essential 


PERFORATED  WALL 

WITH  OUTFLOW  CLOSED  WALL 


Fig.  6.5.  Model  in  closed  wind  tunnel  with  perforated  wall  sections  upstream 
of  model  at  subsonic  speeds. 


OUTFLOW 


INFLOW 


OUTFLOW 


PERFORATED  WALLS 


Fig.  6.6.  Schematic  outflow-  and  inflow-pattern  for  model  in  perforated 
wind  tunnel  at  subsonic  sfjeeds. 

than  with  other  types  of  transonic  wind  tunnels  that  the  partially  open  walls 
be  extended  far  enough  upstream  of  the  model  to  produce  the  required 
outflow  into  the  plenum  chamber  ahead  of  the  model. 

The  above  considerations  show,  as  stated  before,  that  for  subsonic  testing 
the  perforated  wall  is  not  the  most  suitable  type  of  partially  open  wall.  The 
reason  so  much  attention  is  given  it  in  transonic  testing  is  the  fact  that  in 
the  supersonic  speed  range  perforated  wall  tunnels  are  superior  to  other 
types  of  wind  tunnels  (see  Chapters  8  and  9).  Furthermore,  in  practice,  the 
flow  distortions  in  the  range  of  subsonic  operation  of  a  perforated  wall 
wind  tunnel  are  small  enough  so  that  it  is  permissible  either  to  neglect  them 
completely  in  the  case  of  small  models  or  to  apply  suitable  corrections  in 
the  case  of  larger  models  (see  Chapter  7). 
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3.  VELOCITY  CORRECTIONS  IN  THE  VICINITY  OF  ONE 
PERFORATED  WALL  (TWO-DIMENSIONAL, 
INCOMPRESSIBLE  FLOW) 

a.  General  relationships 

In  the  case  of  two-dimensional  incompressible  flow,  for  example,  around 
a  cylinder  or  a  lifting  wing  with  an  infinitely  large  span,  a  simple  relationship 
can  be  derived  by  which  to  determine  the  interference  velocity  in  the 
vicinity  of  one  perforated  wall. 2  The  term  <f>  may  denote  the  velocity  po¬ 
tential,  0  the  steam  function,  and  O  the  complex  stream  function 
=  <f>+i^.  Furthermore,  the  subscript  00  may  indicate  the  condition  of 
tlie  undisturl^ed  parallel  flow,  the  subscript  1  the  primary  singularity 
(doublet  in  free  flight,  etc.),  and  the  subscript  2  the  additional  singularity 
recjuired  to  satisfy  the  boundary  condition  of  a  perforated  wall.  The  sub¬ 
script  2c  may  indicate  the  correction  singularity  required  for  a  closed  wall. 

Derivation  of  Universal  Relationships, — For  one  perforated  wall  the  bound¬ 
ary  conditions  required  along  the  wall  are,  then: 

^/^raodel  "h  ^/^wall  =  A 

or,  in  terms  of  the  velocity  p>otential,  with  only  first  order  terms  considered : 

(f>2x) ^  ^ 

where  A'  is  the  perforated  wall  constant,  according  to  the  definition: 

^pwall  =  ROgco 

It  should  \y€  noted  that  the  above  relationship  is  valid  when  the  wall  is 
located  at  a  p>ositive  distance  v  with  respect  to  the  primary  singularity^ 

The  above  equation  for  the  lx>undary  condition  of  a  perforated  wall  can 
be  transformed  to: 

^ - ^  ^  tan(  — 5/2)  =  arc  tan(7r  — 5/2) 

A^ 

Hence,  the  streamlines  of  the  total  disturbance  flow  field,  ^1+^2,  must 
intersect  the  perforated  wall  at  a  constant  inclination  angle  —5/2  or 
(tt  — 5/2),  respectively.  The  angle  5/2  is  a  function  of  the  w'all  porosity  only: 

tan  5/2  =  21 K 

A  schematic  of  the  streamline  is  shown  in  Fig.  6.7. 

The  sp)ecial  case,  K  ->  00,  indicates  the  closed  wall,  and  the  above 
equation  is  simplified  to: 

It  is  known  that  the  boundary  conditions  of  a  closed  wall  can  be  fulfilled 
by  image  singularities  referenced  to  the  closed  W'all,  since  for  an  image, 
the  singularity  is  (see  Fig.  6.8) : 
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It  was  shown  by  Kassncr’-^  that  the  following  simple  relationship  exists 
between  the  complex  stream  function  of  a  perforated  wall,  (1)2,  and  that  of 
a  closed  wall,  (^2c  (see  Appendix  V'l) : 

(|)2  =  e^^<I>2r 

Thus,  the  conjunct  velocity  vectors  are  connected  in  the  following  manner: 

d<l)2  dOo^. 

_  —  _ Z. 

dz 


Fig.  6.7,  Streamline  pattern  of  disturbance  flow,  <fn  around  model 
in  vicinity  of  a  perforated  wall.^ 


IMAGE  SOURCE 


IMAGE  VORTEX 


SOURCE 


CLOSED  WALL 


VORTEX 


Fio.  6.8.  Source  and  vortex  with  image  singularities  in  vicinity  of  one  closed  wall. 


The  remarkably  simple  fact  exists  that  the  conjunct  velocity  vector, 
d<I)2  d^  =  found  by  merely  rotating  the  conjunct  velocity 

vector  of  the  closed  wall  image  singularity  by  the  angle  8  in  the  counter¬ 
clockwise  direction.  For  the  velocity  vectors  themselves  this  manipulation 
corresponds  to  a  rotation  by  the  angle  8  in  the  clockwise  direction. 

From  simple  geometrical  considerations  it  is  readily  apparent  that  the 
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rotation  of  the  velocity  vector  of  the  image  singularity  flow  field,  <l>2ei  hy 
the  angle  8  in  the  clockwise  direction  results  in  a  rotation  of  the  total  disturb¬ 
ance  velocity  vector  of  the  flow  field,  <f>i+<t>2ey  by  8/2  in  the  clockwise 
direction.  Since,  for  the  closed  wall  case  the  wall  streamline  is  parallel  to 
the  wall,  this  rotation  makes  all  disturbance  flow  streamlines  intersect  with 
the  perforated  wall  at  the  constant  angle,  —8/2,  or  (rr— 8/2),  as  re¬ 
quired. 

In  the  case  of  the  closed  wall,  which  is  a  sp>ecial  case  of  the  perforated 
wall  with  A'  ->  oo,  the  angle  8  is  found  to  be  zero  from  the  previous  relation¬ 
ship,  tan  8/2  =  Kj2,  as  required.  For  an  open  wall,  that  is,  a  perforated 
wall  w'ith  fi  =  0,  the  velocity  vector  rotation  angle  is  8  =  180°,  confirma¬ 
tion  of  the  fact  that  the  image  singularity  of  an  open-jet  boundary  changes 
its  polarity  in  comparison  with  the  closed  wall  boundary.  For  all  perforated 
walls  between  the  two  extremes  of  the  open  and  closed  wall,  the  angle  8 
has  values  between  0°  and  180°  (see  table  below'): 


Rotation  Angle ,  h^for  Various  Wall  Porosities 


S,  deg 

0 

30 

60 

90 
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00 
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7.46 

3.46 
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1.16 

0.536 

0 

open 

wall 

The  velocity  diagrams  for  some  typical  cases  of  a  doublet  in  the  vicinity  of 
various  perforated  walls  are  presented  in  Fig.  6.9. 
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Fig.  6.9.  Vector  diagrams  of  disturbance  velocities  at  wall-pointy  ^yfor 
cylinder  {doublet)  near  various  perforated  walls. ^ 
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b.  Specific  singularities  near  one  perforated  wall 

Doublet, — When  the  primary  singularity  is  a  doublet  which  represents  a 
cylinder  in  parallel  flow,  the  complex  stream  function  of  the  image  singu¬ 
larity  for  a  closed  wall  is: 


<I>2f 


i'ooro^ 


i'ooro^ 


»-ie 


r 


with : 

ro  =  radius  of  cylinder 

^  =s  r  =  complete  variable  (^  =  0  at  center  of  image  cylinder). 

The  complex  stream  function  for  the  singularity  required  to  satisfy  the 
boundary  condition  along  a  perforated  wall  is  then: 


(1)2 


^'ooro- 


In  this  case  the  resulting  singularity  is  again  a  doublet;  the  orientation 
however,  is  turned  counter-clockwise  by  the  angle  5  (see  Fig.  6.10). 


Source, — When  the  primary  singularity  is  a  source,  the  image  singularity 
for  a  closed  wall  is  again  a  source  and  its  complex  stream  function  is: 

d  d 

with  =  source  intensity. 

The  complex  stream  function  of  the  interference  flow  is  then: 


<1)2  =  e^^(I)2c  =  —  log  Z 


S 
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Obviously  the  interference  singularity  is  not  a  source.  By  means  of  further 
mathematical  manipulation 


<1>2  =  cossj  log  sinsji  log  ^ 


This  equation  indicates  that  the  interference  flow  singulariw  consists  of  a 
source  with  the  intensity  (Q^cos  S)  and  of  a  vortex  with  the  circulation 
{  —  (ism  8)  (sec  Fig.  6.11). 


Fig.  6.1 1.  Streamline  pattern  for  source  and  image  singularity  in  vicinity 
of  perforated  wall. 


Vortex. — In  this  case,  the  image  singularity  for  a  closed  wall  is  given  by: 


r  r 

^2c  - - i  log^  = - 1  log(r 


representing  a  vortex  with  the  circulation,  F.  By  applying  the  calculation 
principle  outlined  above  the  singularity  which  satisfies  the  Ixiundary  condi¬ 
tion  for  a  perforated  wall  is: 
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Hence,  a  vortex  in  the  vicinity  of  a  perforated  wall  requires  a  vortex  with  the 
circulation,  P  cos  8,  and  a  source  with  the  intensity,  P  sin  8,  to  satisfy 
the  boundary  conditions. 


c.  Mach  number  influence 

The  preceding  calculations  can  be  made  applicable  to  compressible 
subsonic  flow  by  changing  the  flow  field  according  to  the  general  similarity 
rule  based  on  linearized  compressible  flow.^  According  to  this  rule,  all 
dimensions  of  models  and  streamlines  in  the  flow  direction  remain  un¬ 
changed,  and  all  dimensions  perpendicular  to  the  flow  direction  are  reduced 
by  the  factor  (1— addition,  all  disturbance  velocity  compo¬ 
nents  in  the  flow  direction,  as  well  as  the  static  pressure  disturbances,  are 
reduced  by  the  square  of  the  Prandtl  factor,  that  is  by  (1 

With  the  above  similarity  rule,  the  calculations  and  graphs  developed 
for  both  two-dimensional  and  three-dimensional  incompressible  flow,  can  also 
be  used  for  compressible  subsonic  flow  when  the  following  parameters  are 
introduced : 


Model  (three-dimensional) 

Cross-sectional  area  A m{\—  MJ^) * 

Volume  of  the  mcxlel  Vol(  \  —M^^) 

Wind  Tunnel  Dimensions 

Coordinate  in  x  direction  x 

Coordinates  pcrp>cndicular  to  the  flow  direction  y{  \  — 

Tunnel  height  //(I  —  M^^) * 

Tunnel  diameter  D(1 


0(1 -A4,*)* 
(A/-;y)(l  -MJ) 


Flow  Disturbances 

Disturbance  velocity  component  in  flow  direction  Arjr(l  ^M^) 

Disturbance  velocity  component  perpendicular  to  flow 
direction 
Local  flow  angle 
Local  pressure  disturbance 
Wall  cross-flow  parameter 
With  increasing  Mach  numl)er,  the  cross-flow  parameter  K  decreases 
with  the  Prandtl  factor  (1  In  the  limiting  case  when  M  approaches 

one,  the  wall  parameter  appioaches  zero,  that  is,  approaches  the  value  for 
an  open  wall.  Hence,  a  perforated  wall  which  exhibits  a  linear  relationship 
between  pressure  drop  and  flow  inclination  angle  acts  like  an  open  jet 
when  Mach  number  one  is  approached.  However,  this  situation  does  not 
occur  in  reality  since  near  Mach  number  one  the  validity’  of  the  linear 
theory  is  restricted  to  very  small  flow  disturbances.  Furthermore,  the  wall 
parameter  K  does  not  approach  infinitely  large  values  as  predicted  by  the 
strict  application  of  the  linear  theory. 

In  the  case  of  a  quadratic  relationship  between  pressure  drop  and  cross- 
flow  velocity,  that  is: 


^p|q  = 
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the  cross-flow  parameter  K  remains  constant  with  increasing  Mach  number 
within  the  validity  range  of  the  similarity  rule.  Consequently  a  p>erforated 
wall  which  shows  a  quadratic  relationship  near  Mach  number  one  will 
experience  no  change  in  its  wall  characteristic  parameter  through  the 
entire  range  in  which  the  quadratic  relationship  holds  true. 

It  may  be  concluded,  therefore,  that  in  the  main  subsonic  Mach  number 
range,  particularly  when  the  cross-flow  characteristics  are  linear,  a  perfor¬ 
ated  wall  tends  to  act  more  and  more  like  an  open  wall  when  the  Mach 
number  is  increased.  Near  Mach  number  one,  where  the  cross-flow  relation¬ 
ship  has  a  tendency  towards  a  quadratic  relationship,  a  perforated  wall 
produces  a  boundary  effect  which  is  distinctly  different  from  that  of  an 
open  jet. 

In  view  of  the  complexity  of  transonic  flow  theory,  the  validity  of  the 
above  conclusions  from  theory  must  be  carefully  investigated  by  experi¬ 
ments  (see  Chapter  7).  As  a  general  rule,  for  practical  testing  in  perforated 
wind  tunnels,  it  was  found  sufficient  to  select  a  wall  parameter  which  would 
give  velocity  corrections  close  to  zero  in  the  high  subsonic  Mach  number 
range.  It  was  then  assumed  that  any  deviations  from  the  correction-free 
conditions  were  small  enough  to  be  neglected.  Naturally  this  is  true  only 
for  a  limited  range  of  model  size  (see  Chapters  7  and  10). 


d.  Two-dimensional  wing  without  lift 

The  influence  of  the  wall  open-area  ratio  was  examined  more  closely 
with  regard  to  the  interferences  produced  by  the  model  displacement. 
Within  linear  theory,  particularly  for  small  models,  the  displacement  effect 
of  a  two-dimensional  wing  may  be  examined  by  introducing  a  single  doublet 
into  the  calculations.  Hence  the  relationships  of  Section  3b  of  this  chapter 
may  be  applied  directly  when  the  doublet  strength  is  adjusted  according  to 
the  size  and  shape  of  the  model.  Since  a  doublet  in  parallel  flow  represents 
a  cylinder  (radius  =  ro),  the  radius  of  the  equivalent  cylinder  must  be 
selected  to  satisfy  the  following  relationship: 


The  coefficient,  A,.,  is  a  form  factor  that  has  a  value  of  two  in  the  case  of 
a  cylinder  and  may  be  sufficiently  well  approximated  by  A„  =  \+t  c  in 
the  case  of  slender  wings  (see  Ref.  4). 

The  distribution  of  the  vertical  velocity  component  Vy  and  of  the  local 
pressure  disturbance  along  a  perforated  wall  was  calculated,  and  the  results 
are  shown  in  Figs.  6.12a  and  b.  In  an  open  jet.  A*  =  0,  the  curve  for  the 
velocity  component  Vy  is  anti-symmetrical  with  respect  to  the  Af-direction 
(see  Fig.  6.12a).  The  shape  of  the  curvx  is  very  similar  to  the  shape  of  the 
curve  for  free  flight.  Howev^er,  in  free  flight  the  maximum  vertical  velocity 
disturbances  are  only  approximately  one-half  as  large  as  in  an  open  jet. 

When  a  perforated  wall  with  a  gradually  decreasing  open-area  ratio 
corresponding  to  A"  >  0  is  considered,  the  distribution  cur\'cs  for  Vy  gradually 
deviate  more  and  more  from  the  free-jet  curve  (see  Fig.  6.12a).  The  location 
of  the  maximum  velocity  disturbances  shifts  forward,  but  the  magnitude  of 
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the  disturbances  is  gradually  decreased.  It  is  significant  that  at  a;  =  0  the 
vertical  velocity  component  at  the  wall  no  longer  disappears  as  in  free  flight; 
instead  ncgativ'c  vertical  velocities  occur  which  reach  maximum  values  for 
w'all  parameters  of  /f  2.  This  fact  is  an  indication  of  inflow  through  the 
wall  into  the  test  section  at  the  model  mid-station,  as  discussed  in  detail  in 
Section  2  of  this  chapter.  Naturally,  for  a  closed  wall,  that  is,  for  K  ->  oo, 
the  disturbance  velocities  Vy  disappear  along  the  wall. 


Fig.  6.12.  Flow  disturbances  along  wall  for  slender  model  near  one 
perforated  wall.^ 
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The  pressure  disturbances  along  the  perforated  wall  are  presented  in 
Fig.  6.12b.  For  a  free  jet  (A'  =  0),  the  pressure  disturbances  along  the  jet 
lx)undary  disapp>ear  as  required  by  the  characteristics  of  a  free  jet.  For  a 
closed  wall,  {K  co),  negative  disturbance  pressures  occur  which  are 
twice  as  large  as  the  disturbance  velocities  in  free  flight.  By  opening  the  wall, 
that  is,  by  reducing  gradually  the  wall  parameter  K\  the  maximum  pressure 
disturbances  along  the  w'all  are  also  reduced.  However,  the  disturbance 
pressure  distribution  is  no  longer  symmetrical  in  the  x-direction  as  in  the 
case  of  the  closed  wind  tunnel  and  the  frcc-flight  case.  It  is  only  possible 
to  create  an  approximate  matching  of  free-flight  conditions  in  that  region 
of  the  wall  which  is  considered  to  be  the  most  significant.  However,  it  is 
impossible  to  match  even  approximately  the  disturbances  over  the  entire 
length  of  the  perforated  wall. 

4.  FLOW  DISTURBANCES  IN  A  PERFORATED  TWO-DIMENSIONAL 
WIND  TUNNEL  (TWO  PERFORATED  WALLS) 
a,  Aiethod  of  calculation 

For  a  model  wing,  the  solution  represented  by  a  doublet  placed  between 
two  perforated  walls  can  be  readily  found  by  applying  the  method  of 
suitable  consecutive  image  arrangement  based  on  the  solutions  for  a  single 
wall.  For  instance,  in  Fig.  6.13a  the  principle  of  consecutive  image  formation 
is  represented  for  a  doublet  between  two  closed  w'alls,  and,  in  Fig.  6.13b, 
by  a  doublet  in  an  open  jet.  When  the  same  principle  of  image  formation 


IMAGE  DOUBLET 


0.  CLOSED  TUNNEL 


b.  OPEN  JET 


c. PERFORATED  TUNNEL 


Fig.  6.13.  Doublet  between  two  perforated  walls  of  various  open-area 
ratio  {two-dimensional). 
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is  applied  to  a  doublet  between  two  perforated  walls,  an  arrangement  of 
doublets  is  obtained  such  as  is  indicated  in  Fig.  6.13c.  Since  all  image 
singularities  are  again  doublets  and  have  their  alignment  in  space  rotated 
by  giv^en  angles,  a  mathematical  solution  can  be  readily  found. 

The  complex  stream  function  for  all  image  doublets  required  to  satisfy 
the  lx)undary  conditions  for  a  doublet  betw'een  two  perforated  walls  is  then 
(see  Ref.  2) : 


/  ^tn9  1  j 

<1)0  =  I'oofo*  7 - } 

Zf 


zi 

By  evaluating  this  equation,  that  is,  by  separating  the  real  velocity  potential 
from  the  alxDve  complex  stream  function,  the  disturbance  velocities  in  the 
entire  field  can  be  calculated. 

The  alx)ve  equations  have  been  derived  for  incompressible  flow.  By 
application  of  the  similarity  rule  (see  Section  3c  of  this  chapter),  the  results 
can  be  made  applicable  to  compressible  flow  in  the  subsonic  speed  range 
within  the  validity  of  linearized  theory. 

S.  Interference  due  to  displacement  of  model  between  two  perforated  walls 

The  preceding  equations  for  a  doublet  placed  between  two  perforated 
walls  were  evaluated,  and  the  results  are  presented  in  Fig.  6.14  for  typical 
interference  parameters. 

The  distribution  of  the  vertical  velocity  along  one  of  the  perforated  walls 
shows  a  pattern  similar  to  that  found  previously  for  a  doublet  in  the  vicinity 
of  one  perforated  wall  (Fig.  6.14a).  For  gradually  decreasing  open-area 
ratios  of  the  wall,  that  is,  for  K  proceeding  from  0  to  0.4,  1.0,  etc.,  the  curves 
for  the  vertical  velocity  distribution  assume  more  and  more  unsymmetrical 
shapes.  In  particular  the  vertical  velocity  component  at  the  wall  in  the  region 
of  the  maximum  model  thickness  (.v  =  0)  is  no  longer  zero.  On  the  contrary, 
a  gradual  increase  of  inflow  velocity  occurs,  which  reaches  a  maximum  for  a 
flow  parameter  of  approximately 

A‘(l-A/ao2)*  =  3 

With  the  open-area  ratio  smaller  than  A'(l— A/qo^)!  =  3^  the  inflow 
velocity  tends  to  decrease  again  until  finally,  for  a  closed  w’all,  no  cross-flow 
velocities  occur  along  the  wall,  as  required  for  physical  reasons. 

The  particular  distribution  of  the  vertical  disturbance  velocities  along 
the  wall  results  in  a  distortion  of  the  streamlines  in  the  vicinity  of  the  wall, 
as  indicated  in  Fig.  6.14b.  The  open-jet  streamline  is  symmetrical  in  the 
;f-direction  and  exliibits  a  shape  similar  to  the  corresponding  streamline  in 
free  flight.  As  the  wall  open-area  ratio  decreases,  the  streamlines  become 
more  and  more  unsymmetrical,  and  their  maximum  deflection  point  shifts 
further  upstream  from  the  mid-point  of  the  model.  If  the  streamlines  are 
normalized,  for  instance,  at  a  station 

I 

- =  -1.5 

H  (1-.4/oo2)» 
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a.  Vertical  velocity  distribution. 


Fig.  6.14.  Disturbance  parameters  due  to  wall  interference  for  slender  model 
between  two  perforated  walls, ^ 
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representing  a  test  section  with  its  upstream  end  located  at  this  point,  such 
a  test  section  would  experience  more  inflow  than  outflow  along  its  perforated 
walls  between  stations 


X  1 

7/  (1 -  A/oo2)* 


—  1.5  and  +  1 .5 


Consequently,  such  a  streamline  pattern  can  be  maintained  only  when 
some  backflow  is  provided  from  the  test  section  into  the  plenum  chamber 
(see  Chapter  12).  Such  outflow'  from  the  test  section  usually  occurs  in  a 
very  restricted  region  at  the  downstream  end  of  the  test  section  and  does 
not  greatly  disturb  the  velocity  distribution  in  the  test  section  proper  (see 
Fig.  12.14).  As  a  result,  the  distributions  presented  in  Figs.  6.14a  and  b  for 
an  infinitely  long  test  section  may  also  be  applied  to  test  sections  of  finite 
length  when  the  test-section  region  near  the  downstream  end  is  excluded. 

The  unsymmetrical  interference  pattern  is  also  recognizable  in  the 
unsymmctrical  distribution  of  the  disturbance  pressures  along  the  centerline 
of  the  wind  tunnel  (see  Fig.  6.14c).  The  distribution  curves  for  both  the 
open  jet  and  the  closed  w'all  w'ind  tunnel  are  symmetrical  in  the  .v-direction ; 
however,  the  maximum  disturbance  pressures  hav'e  a  different  magnitude 
and  sign.  With  a  gradually  decreasing  w'all  open-area  ratio,  a  gradual 
transition  from  the  open-jet  curve  to  the  closed-wall  curves  occurs  with  an 
accompanying  development  of  lack  of  symmetry  in  the  flow.  It  is  noticeable 
that  for  a  wall  parameter  of  A'(l  —  =  2.56,  the  pressure  disturbance 

at  the  model  center  disappears.  Therefore,  for  sufficiently  small  models,  the 
velocity  correction  in  a  perforated  w'all  w'ind  tunnel  also  disappears  for 
w'alls  with  this  characteristic.  How'cver,  even  at  this  specific  wall  parameter 
A^l— A/cc®)*  =2.56,  a  pressure  gradient  develops  in  the  flow  direction 
which,  particularly  in  the  case  of  long  slender  models,  might  require  consid¬ 
eration  of  second-order  correction  terms  for  pressure  and  drag  measurements. 
This  pressure  gradient  cannot  be  detected  during  empty-tunnel  calibrations 
since  it  is  produced  by  the  model  installation  itself. 


5.  VELOCITY  CORRECTIONS  IN  CIRCULAR  PERFORATED 
WALL  WIND  TUNNELS 

a.  Method  of  calculation 

In  the  case  of  a  cylindrical  perforated  wall  wind  tunnel,  it  is  not  possible 
to  satisfy  the  wall  boundary  conditions  by  simply  adding  images,  as  in  the 
case  of  two-dimensional  or  square  wind  tunnels.  It  is  necessary  to  utilize  the 
basic  continuity  equation  for  potential  flow  (note: 

dU  dU  1  dS 

-L-f  _L  +  -J:  =  o 

dx^  dr^  r  dr 

The  boundary  condition  along  the  perforated  wall  of  the  circular  tunnel 
is  then 


dif,  2  dif, 

dr  K  dx 


=  0 
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Doublet. — ^Thc  displacement  of  a  small  model  in  a  wind  tunnel  can  be 
simulated  by  a  three-dimensional  doublet  with  the  velocity  potential : 


m  X 
^  (x2H-r2)8/2 


When  this  expression  is  introduced  into  the  continuity  equation,  it 
requires  the  addition  of  an  interference  potential  ^2  which,  according  to 
Goodman, 5  can  be  written  in  general  form  as: 


<f>2  — 


nn{rlR) 

lIR 


nw{xlR) 

IIR 


-f  C„  cos 


nTTjxIR)^ 

IjR  I 


This  equation  can  be  modified  by  means  of  mathematical  manipulations, 
and  the  following  result  is  finally  obtained  for  the  disturbance  velocity  in 
the  A-direction  at  the  axis  of  a  circular  wind  tunnel: 


m  1  r 
^Vx  =  ~ - I 

^  27r2  /?3  J 

0 

and  finally: 


1  r{h{q) .  K,{q)  -  ( A7  K2).Jo(q).Ko{qM 


It{q)HRIR'W<i) 


dq 


^Vx  Vol 

- =  Fo — 

Z)3 

Small  Lifting  Wing. — The  simplest  method  of  introducing  a  lifting  wing 
into  the  calculation  is  by  means  of  a  horseshoe  vortex.  Assuming  a  horseshoe 
vortex  of  infinitely  small  span  and  following  the  method  of  calculation  used 
for  the  doublet  in  the  preceding  paragraph,  the  velocity  potential  of  the 
wall  interference  can  be  determined.  Then  the  flow  inclination  correction 
at  the  wing  is^: 


Aa  = 


8F 

47r/?2 


1  K  )  I‘. 


Aq 


(?)+(A7iir2) /;(?)! 


Ft 


-43/ 

— 

At 


Mach  Xumber  Influence. — The  equations  in  the  preceding  paragraph  are 
written  for  incompressible  flow.  By  application  of  the  similarity  rule,  which 
is  valid  within  the  limitations  of  linear  theory,  the  calculations  and  its 
solutions  can  be  adapted  to  compressible  subsonic  flow  by  means  of  the 
general  relationships  indicated  in  Section  3c  of  this  chapter. 

b.  Wall  interference  due  to  model  displacement  and  model  lift 

The  preceding  calculations  were  evaluated  with  respect  to  the  velocity 
correction  in  the  A-direction  and  the  anglc-of-attack  correction  at  the 
lifting  wing.  The  velocity  correction  in  an  open  wind  tunnel  was  found  to 
have  a  magnitude  of  only  one  quarter  of  that  in  a  closed  wind  tunnel  and 
was  of  the  opposite  sign  (see  Fig.  6.15). 

It  should  be  noted  that  at  a  value  of: 

/r(l-Afoo2)*  =  2.42 
the  velocity  correction  disappears. 
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The  flow  inclination  correction  at  the  position  of  a  small  lifting  wing  has 
the  same  absolute  magnitude  in  an  open  jet  as  in  a  closed  wind  tunnel;  the 
corrections,  however,  are  of  opposite  sign  (see  Fig.  6.16).  The  flow  inclination 
correction  disappears  when  a  wall  cross-flow  coefficient  is  provided  with  the 
magnitude : 

A*(l-A/ao2)*  =  2.27 


Fig.  6.15.  Velocity  corrections  due  to  displacement  of  slender  model  in 
circular  perforated  wind  tunnel,’^ 


Fig.  6.16.  Flow  inclination  correction  due  to  lift  of  a  small  wing  in  circular 
perforated  wind  tunnel.’^ 
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The  wall  parameters  for  zero  correction  in  p>crforated  wall  wind  tunnels 
are  only  slightly  different  for  the  various  types  of  correction  under  consid¬ 
eration.  For  example,  for  a  small  two-dimensional  model  l>etween  two 
perforated  walls,  =2.56;  for  a  small  model  in  a  circular 

perforated  wind  tunnel,  A*(l— =  2.42;  and  for  a  small  horseshoe 
vortex  in  a  circular  perforated  wind  tunnel,  A‘(l— =  2.27.  These 
small  differences  make  it  possible  for  one  constant  geometry  to  approxi¬ 
mately  eliminate  both  the  velocity  correction  and  the  flow  inclination 
correction  at  the  mid-point  of  the  model. 

This  possibility  represents  a  significant  advantage  of  the  perforated  wall 
wind  tunnel  in  comparison  with  longitudinally  slotted  wind  tunnels.  In 
the  latter  case,  different  wall  parameter  values,  resulting  in  different  open- 
area  ratios,  are  required  to  make  either  the  displacement  velocity  correction 
or  the  flow  inclination  correction  disappear.  In  particular,  for  a  circular 
wind  tunnel  with  eight  slots,  an  open-area  ratio  of  7.0  per  cent  is  required 
to  eliminate  the  velocity  correction;  an  open-area  ratio  of  1.2  per  cent  is 
required  to  eliminate  the  flow  inclination  correction  (sec  Chapter  5,  Sections 
Id  and  5c). 

It  should  be  stressed  once  more  that  the  values  indicated  alx)ve  for  zero 
correction  of  velocity  and  flow  inclination  hold  true  only  for  the  area 
around  the  center  of  the  model.  As  was  the  case  for  longitudinally  slotted 
wind  tunnels,  the  corrections  vary  along  the  surface  of  the  model,  particu¬ 
larly  in  the  flow  direction.  Higher  order  correction  terms  can  be  calculated 
based  on  the  general  solutions  discussed.  However,  the  general  practice  is 
to  select  the  open-area  ratio  of  the  perforated  wall  in  such  a  manner  that 
the  corrections  disappear  at  the  center  of  the  model,  making  it  likely  that 
at  other  points  of  the  model  the  corrections  will  be  immaterial.  However, 
these  assumptions  need  to  be  examined  more  closely  experimentally. 

6.  COMPARISON  OF  THE  FLOW  AT  LARGE  DISTANCE  BEHIND 
A  LIFTING  WING  IN  SLOTTED  AND  PERFORATED 
WIND  TUNNELS 

In  the  preceding  paragraph,  the  downwash  corrections  for  a  lifting  wing 
in  a  perforated  wind  tunnel  were  determined  at  the  position  of  the  wing 
(;c  =  0).  In  order  to  determine  the  downwash  at  other  p)oints,  for  instance 
very  far  behind  the  wing,  general  solutions  of  the  type  presented^  must  be 
numerically  evaluated.  F.ven  for  points  infinitely  far  behind  the  wing  it  is 
not  possible  to  determine  the  downwash  using  the  “Trefftz-plane  assump¬ 
tion”  that  the  downwash  at  infinitely  large  distances  {x  -►  oo)  is  twice  as 
large  as  that  at  the  place  of  the  wing.  This  fact  indicates  a  basic  difference 
in  the  behavior  of  slotted  and  perforated  test  sections  and  can  l>e  readily 
understood  by  considering  the  boundary  conditions  of  the  two  types  of  walls. 

Slotted  Wall, — As  shown  in  Chapter  5,  the  boundary  condition  of  a  slotted 
wall  is: 

At  large  distances  behind  the  wing,  the  pressure  and  the  velocity  disturb¬ 
ances  disappear  because  this  area  (;if  oo)  is  influenced  only  by  the 
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disturbance  of  the  infinitely  long  wing-tip  vortices.  From  the  above  equa¬ 
tion,  it  can  also  be  seen  that  the  flow  curvature  <l>xy  must  disappear  at  cx), 
as  is  plausible.  However,  no  information  can  be  gained  on  the  v’ertical 
velocity  component  Vy  from  this  simple  consideration. 

The  required  information  on  Vy  can  be  obtained  from  application  of  the 
“Trefftz  theory”.  This  theory  states,  as  noted  above,  that  the  downwash 
at  large  distances  behind  a  wing  is  twice  as  large  as  that  at  the  wing  itself. 
With  the  downwash  angle  known  at  the  wing  and  from  the  equations 
presented  in  Section  5b  of  Chapter  5,  the  downwash  at  large  distances 
lx!hind  a  wing  can  be  readily  determined. 

Perforated  Wall. — The  lx)undary  condition  of  a  perforated  test  section  is 
according  to  the  equation  in  Section  3  of  Chapter  6: 

=  0 

where  K  is  the  pressure  drop  coefficient  of  the  wall.  At  large  distances 
behind  a  lifting  wing,  the  term  must  again  disappear  because  of  symmetry 
considerations.  Consequently,  according  to  the  above  equation,  the  normal 
velocity  comp)onent  must  also  disappear  in  this  area.  Thus  the  perforated 
wind  tunnel  at  a:  ->  oo  behaves  like  a  closed  wind  tunnel  in  which  the 
streamlines  arc  straightened  out  completely.  Hence,  the  TreflTtz  condition 
that  the  downwash  at  large  distances  behind  a  wing  is  twice  as  large  as  the 
downwash  at  the  plane  of  the  wing  docs  not  hold  true.  The  physical  reason 
for  this  behavior  is  that  the  perforated  wall  acts  like  a  lattice  of  elementary 
wings  which  generate  free  vortices  not  only  in  the  plane  of  the  wing  (at  =  0) 
but  throughout.  The  TreflTtz  condition  holds  true  for  each  elementary 
vortex,  but  because  of  the  lack  of  symmetry  of  the  vortex  pattern  in  the 
Af-direction,  it  does  not  hold  true  for  the  vortex  system  as  a  whole.  To  date, 
no  numerical  calculations  have  been  published  concerning  the  downwash 
as  a  function  of  the  distance  behind  a  lifting  wing  in  a  perforated  wind 
tunnel. 

This  discussion  indicates  a  significant  basic  difference  between  the 
behavior  of  slotted  and  perforated  wind  tunnels  at  large  distances  behind  a 
lifting  wing. 


APPE.NDIX 
{Ref.  Section  3a) 

Mathematical  proof  for  =  e^^<I>2c 

.Assuming  the  above  relationship  to  be  correct,  the  conjunct  velocity 
vectors  of  the  flow  fields  <^‘>  and  arc  found  by  differentiation  in  the 
complex  plane: 

d(D2  d<D2r 

and  by  introducing  the  velocity  components  Vx  and  Vy 

c*»{vx,^-ivyj 

107 


TRANSONIC  WIND  TUNNEL  TESTING 


Since  the  closed-wall  singularity  is  represented  by  the  image  of  the  primary 
singularity,  the  above  equation  for  points  along  the  perforated  wall  can 
also  be  written : 

and  with 


8/2  =  arc  tan  2/ A" 

after  some  transformations: 

JA  -f-i 

=  777— 

J  A  —  I 

I  he  imaginary  terms  of  this  equation  result  in: 


This  relationship  is  identical  with  the  boundary  conditions  previously  noted 
and  indicates  the  compatibility  of  the  relationship  <l>2  =  with  the 

boundary  requirements. 
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EXPERIMENTS  IN  SLOTTED  AND 
PERFORATED  WIND  TUNNELS  AT 
SUBSONIC  AND  SONIC  MACH  NUMBERS 

I.  INTRODUCTION 

In  Chapters  5  and  6,  the  cJiaracteristics  of  slotted  and  perforated  wind 
tunnels,  and  in  particular  their  superior  features  compared  with  conven¬ 
tional  closed  or  open  wind  tunnels,  were  discussed.  It  is  the  purpose  of  this 
chapter  to  give  a  brief  survey  of  experimental  investigations  in  order  to 
show  to  what  extent  the  theoretical  expectations  have  been  borne  out  by 
experimental  evidence. 

The  survey  is  mainly  concerned  witli  two-dimensional  airfoils  and  models 
of  rotational  symmetry,  with  occasional  reference  made  to  combinations  of 
fuselage  and  wing.  A  more  thorough  discussion  of  experimental  data  ob¬ 
tained  in  transijnic  wind  tunnels  will  be  presented  in  Chapter  10  where  the 
emphasis  is  placed  on  the  testing  of  complete  airplane  models  over  the 
transonic  and  supersonic  speed  ranges.  In  contrast,  the  following  discussion 
is  restricted  to  the  subsonic  and  sonic  sjjeed  ranges  to  which  the  theoretical 
investigations  of  Chapters  5  and  6  apply.  In  order  to  establish  points  of 
reference,  some  model  test  results  obtained  in  closed  and  open  jet  wind 
tunnels  are  also  cited, 

2.  TWO-DIMENSIONAL  DOUBLE-WEDGE  AIRFOIL  MODELS 
IN  CONVENTIONAL  AND  SLOTTED  WIND  TUNNELS 
Several  experimental  investigations  have  been  carried  out  using  sym¬ 
metrical  double-wedge  airfoils.  This  particular  contour  was  selected  by 
several  investigators  l3ccausc  theoretical  pressure  distribution  data  for  this 
shape  are  available  from  the  transonic  theory  presented  in  Ref.  1. 

a.  Test  results  from  conventional  wind  tunnels 

\  series  of  symmetrical  double-wedge  airfoils  w'ith  blockage  ratios  of 
2.8,  3.6  and  4.4  per  cent  were  investigated  in  the  x  9  in.  closed  wind 
tunnel  of  Brown  University.*-^  The  configuration  of  the  wind  tunnel  and 
the  three  models,  with  the  locations  of  the  pressure  orifices,  arc  shown  in 
Figs.  7.1a  and  b.  The  double-wedge  airfoils  were  built  as  semi-models  and 
were  placed  close  to  the  lK)ttom  wall  so  that  larger  models,  and  hence  larger 
Reynolds  numbers,  could  be  used  in  the  wind  tunnel.  The  boundary  layer 
along  the  lower  wall  was  eliminated  by  a  boundary  bleed  gap.  The  upper 
wall  was  solid  for  the  experiments  under  discussion.  However,  it  could  be 
replaced  by  other  test  walls,  for  example,  by  slotted  walls,  as  discussed  later. 

The  models  simulated  double-wedge  airfoils  with  a  thickness  ratio  of 
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12  per  cent.  Each  airfoil  was  equipped  with  ten  pressure  orifices  which  were 
positioned  at  similar  locations  so  that  a  direct  comparison  between  the 
pressure  readings  was  possible. 

The  experimental  pressure  readings  from  four  forward  and  four  rearward 
pressure  orifices  are  presented  in  Fig.  7.2a  as  a  function  of  the  uncorrected 
Mach  number.  The  results  indicate  that,  as  expected,  model  size  has  a 
continuously  increasing  influence  when  the  Mach  number  is  increased.  Tliis 
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b.  Model  wings. 

Fig.  7.1.  Wind  tunnel  cor^guration  and  double-wedge  model  wings, ^ 


was  particularly  true  for  the  rearward  pressure  orifices  which  extended  into 
the  supersonic  Mach  number  region  at  the  higher  test  Mach  numbers. 
Also,  as  predicted  by  theory,  the  large  model  approached  choking  of  the 
closed  test  section  at  a  Mach  number  somewhat  less  than  0.8. 

The  same  experimental  data  shown  in  Fig.  7.2a,  corrected  according  to 
the  correction  method  given  in  Ref.  2  of  Chapter  4,  are  presented  in  Fig. 
7.2b.  It  is  apparent  that  the  correlation  between  the  data  for  the  three 
different  model  sizes  was  greatly  improved  after  the  corrections  were  applied, 
particularly  in  the  case  of  the  pressure  orifices  in  the  forward  region  of  the 
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Fig.  7.2.  a.  Pressure  distributions  as  Junction  of  uncorrected  Mach  number. 
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b.  Pressure  distributions  as  function  of  corrected  Mach  number. 

Fig.  7.2.  Pressure  distribution  for  doubU-ivedge  model  wings  as  function  of  Mach  number  in  closed  test  section  {Figs,  7, 1  a  and  b).^ 
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wings.  The  rearward  orifices  arc  located  in  a  much  more  sensitive  region 
having  flow  fields  in  which  the  shock-wave  locations  shift  rapidly. 

These  experimental  data  demonstrate  clearly  the  limitations  of  a  closed 
wind  tunnel.  The  maximum  Mach  number  is  limited  by  the  choking  Mach 
number,  and,  even  more  so,  by  the  flow  distortion  which  occurs  at  Mach 
numbers  somewhat  Ixrlow  choking. 

b»  Experiments  in  slotted  wind  tunnels 

The  same  experimental  setup  described  above  was  used  for  the  study  of 
slotted  wall  wind  tunnel  interference  after  the  upper  wall  of  the  closed 
tunnel  had  been  replaced  by  experimental  slotted  walls  (sec  Fig.  7.1a).  In 
this  case,  an  arrangement  with  three  individual  slots  was  selected. ^  Accord¬ 
ing  to  theory  (sec  Fig.  5.8),  a  slot  width  of  approximately  0.006  in.  is 
required  to  eliminate  blockage  and  the  need  for  velocity  correction  for  a  two- 
dimensional  m(xlcl.  However,  this  theoretical  result  holds  true  only  for  non- 
viscous  flow.  In  reality,  the  effective  open  area  of  such  a  narrow  slot  will  be 
greatly  reduced  by  the  boundary  layer  build-up  along  the  slot  sidewalls. 
In  order  to  allow  for  this  viscosity  effect,  the  investigators  selected  consid¬ 
erably  wider  slots  of  0,05  in.  width. 

The  pressure  measurements  for  this  investigation  are  presented  in  Fig. 
7.3  as  a  function  of  Mach  number  in  the  same  manner  as  the  closed  wind 
tunnel  pressure  measurements.  No  velocity  correction  was  applied.  It  is 
apparent  that  in  most  of  the  Mach  number  range  the  agreement  among  the 
measurements  for  the  three  airfoil  models  with  blockages  varying  between 
2.8  and  4.4  per  cent  is  very  good.  In  the  forw'ard  region  of  the  airfoil,  and 
also  in  the  rearward  region,  all  three  airfoils  produced  similar  results  up 
to  a  Mach  number  of  0.98,  the  highest  attainable  in  the  exfjerimental  setup. 
However,  the  largest  model  with  4.4  per  cent  blockage  was  somewhat  loo 
large,  as  indicated  by  its  somewhat  lower  pressures. 

The  influence  of  slot  width  was  then  explored  by  repeating  the  same 
experiments  in  a  test  section  which  had  three  slots  ^  in.  wide;  that  is,  the 
slot  width  was  arbitrarily  increased  by  a  factor  of  five.  The  results,  presented 
in  Fig.  7.4  for  two  typical  orifices  of  the  smallest  airfoil  (2.8  per  cent  blockage) 
indicate  good  agreement.  Evidently  the  slot  width  can  be  increased  without 
penalty  considerably  beyond  the  theoretical  value,  at  least  in  the  case  of 
pressure  distribution  measurements  of  symmetrical  airfoil  models  without 
lift.  This  result  is  encouraging  since  it  indicates  that  the  width  of  relatively 
narrow  slots  is  not  a  particularly  sensitive  parameter.  Slotted  walls  will 
also  yield  reliable  data  for  models  without  lift,  even  when  significant  slot 
width  deviations  occur  in  the  direction  of  the  open  wind  tunnel. 

c.  Comparison  of  slotted  wind  tunnel  data  with  theory  for  Mach  number  one 

The  results  of  the  slotted  wall  wind  tunnel  tests  were  replotted  in  a  more 
conventional  manner,  that  is,  pressure  distribution  versus  the  orifice  station 
for  various  selected  Mach  numbers  (see  Fig.  7.5).  Also  indicated  on  this 
graph  is  the  theoretical  pressure  distribution  for  Mach  number  one  according 
to  Ref.  2.  It  is  apparent  that  a  smooth  transition  takes  place  from  typical 
subsonic  Mach  numbers  to  supercritical  Mach  numl>crs  with  shock  formation 
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Fig.  7.3.  Pressure  distribution  for  double-wtdge  model  wings  in  slotUd  test  section  (three  slots  0.05  in.  wide)  (d//I  =  0.20;  s/d  =  J.67  per  cent) 

(Figs.  7.1a  and  b).^ 
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and  gradual  downstream  shifting  of  the  terminating  shock  until  the  experi¬ 
mental  distribution  finally  has  a  close  resemblance  to  the  theoretical  distri¬ 
bution.  The  comparison  is  particularly  good  in  the  region  downstream  of 
the  maximum  thickness  of  the  airfoil.  In  the  upstream  region,  the  experi¬ 
mental  pressures  at  high  Mach  numbers  are  somewhat  smaller  than  theory 
predicts.  It  cannot  be  definitely  stated  that  this  deviation  is  caused  by  an 
interference  effect  in  the  slotted  wind  tunnel.  It  should  also  be  remembered 
that  transonic  theory  utilizes  a  series  development  of  flow  parameters  around 
the  sonic  point,  that  is  around  1  —p  pa  =  0.472. 


Fig.  7.4.  Pressure  distribution  for  double-wedge  model  wing  with  2M  fm  cent  blockage 
in  slotted  test  section  with  different  slot  configurations  {Figs.  7, la  and  b).^ 

In  summary,  it  can  be  concluded  from  these  early  experiments  that  a  test 
section  with  properly  selected  slot  geometry  is  suitable  for  tests  in  the 
critical  Mach  numljcr  range  to  Mach  number  one  since  choking  is  prac¬ 
tically  eliminated  and  the  typical  trends  of  the  flow  field  and  the  rapid 
changes  in  the  shock- wave  location  arc  properly  simulated. 
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3.  TWO-DIMENSIONAL  AIRFOIL  MODEL  IN  DIFFERENT 
SLOTTED  WIND  TUNNELS 

Another  comprehensive  investigation  of  slotted  and  perforated  wall  w'ind 
tunnel  characteristics  was  carried  out  in  the  high-sp)eed  model  wind  tunnel 
of  the  National  Physics  Laboratory  in  England.^  This  tunnel  was  7^  x  3  in. 
in  cross  section  and  was  arranged  so  that  the  upper  and  the  lower  walls 
could  be  modified.  The  results  were  checked  in  the  NPL  closed  20  x  8  in. 
tunnel  in  order  to  obtain  a  comparison  with  nearly  interference-free  data. 
It  cannot  be  assumed  that  in  the  20x8  in.  tunnel  the  small  model  wing 
experienced  no  interference  effects  at  all;  however,  the  results  in  this  tunnel 
were  sufficiently  close  to  free  flow  and  may  be  used  as  a  reasonably  good 
guide. 


Fio.  7.5.  Pressure  distributions  for  double-wedge  model  wing  with  2,8  per  cent  blockage  in 
slotted  test  section  {three  slots  0,05  in,  wide)  and  comparison  with  theory 
{Figs,  7,1a  and 

a.  Pressure  distribution  at  lift 

In  the  NPL  investigation,  an  RAE-104  model  wing  with  a  thickness 
ratio  of  10  per  cent  was  used.  The  model  was  sized  to  give  2.67  per  cent 
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bUx:kagc  in  various  test  sections.  A  slotted  wall  with  a  slot  centerline  spacing 
of  d  H  =  0.20  and  an  open-area  ratio  of  4  per  cent  produced  the  best 
results.  Some  tN'pical  pressure  distributions  at  various  Mach  numbers  are 
presented  in  Fig.  7.6.  The  distributions  in  the  larger  20  x  8  in.  closed  wind 
tunnel  arc  also  indicated.  At  the  lower  Mach  numbers,  to  approximately 
Mach  number  0.85,  the  comparison  bet\vccn  the  data  from  the  two  tunnels 
is  very  good.  At  the  higher  Mach  numbers,  however,  the  data  deviate,  the 
slotted  model  tunnel  l>eing  somewhat  too  open. 
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Fio.  7.6.  Pressure  distributions  for  two-dimensional  RAE-I04  airfoil  in  slotted 
wind  tunnel  {2»67  per  cent  blockage)  and  in  large  closed  wind  tunnel.^ 

Again,  the  open-area  ratio  of  4  per  cent  is  much  larger  than  that  pre¬ 
dicted  by  theory  for  non-viscous  flow.  The  latter  ratio  would  be  on  the 
order  of  0.2  per  cent,  but  such  narrow  slots  would  l>e  largely  blocked  by 
the  lx>undary  layer  along  the  walls,  as  in  the  case  discussed  in  Section  2b 
of  this  chapter. 

b.  Blockage  correction  at  gero  lift 

To  obtain  an  indication  of  the  velocity  correction  which  might  l)c  required 
in  a  slotted  wind  tunnel  because  of  incorrect  selection  of  the  open-area  ratio 
of  the  slots,  the  pressure  distributions  for  the  airfoil  in  the  slotted  NPL  tunnel 
were  compared  in  detail  with  those  for  the  same  airfoil  in  the  assumed ly 
correct  ion-free  20  x  8  in.  tunnel.  For  this  comparison,  the  test  Mach  number 
and  the  pressure  distribution  in  the  20  x  8  in.  tunnel  were  considered  to  be 
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correct.  The  Mach  number  correction  for  the  slotted  tunnel  was  then  deter¬ 
mined,  assuming  that  for  each  individual  orifice  the  same  pressure  ratio 
would  result  from  the  tests  in  the  small  slotted  wall  and  big  closed  wind 
tunnels.  Corrected  Mach  numbers  were  determined  in  this  manner  for  a 
number  of  orifices  along  the  airfoil  chord;  the  results  are  presented  in  Fig. 
7.7.  The  data  for  all  orifices  scatter  around  a  single  mean  cur\*e  which 
coincides  with  the  uncorrected  Mach  number  to  approximately  Mach 
number  0.87  but  starts  to  deviate  toward  an  open  tunnel  curve  with  in¬ 
creasing  Mach  number. 


Fig.  7.7.  Experimental  blockage  correction  for  two-dimensional  RAE-104  airfoil 
(a  =«  0"'^)  with  2.67  per  cent  blockage  in  slotted  wind  tunnel^  based  on  comparison 
with  tests  in  20  in.  x  8  in.  closed  wind  tunnel.^ 


It  is  of  interest  to  note  (Fig.  7.8)  how  the  corrected  Mach  numbers  for 
slotted  walls  of  different  open-area  ratios  compare  with  those  for  a  closed 
or  an  open  jet  tunnel.  The  data  for  the  slotted  wall  even  cross  the  curve  of 
the  open  jet  tunnel  at  Mach  numbers  in  the  vicinity  of  Mach  number  one. 
In  the  case  of  the  closed  wind  tunnel  the  Mach  number  correction  produces 
values  higher  than  the  uncorrected  test  Mach  number;  in  the  case  of  the 
slotted  test  sections  and,  naturally,  in  that  of  the  open  jet  tunnel  also,  the 
correction  produces  values  lower  than  the  test  Mach  number.  The  slotted 
wall  with  an  open-area  ratio  of  4  per  cent  and  much  narrower  slot  spacing 
(d  H  =  0.033)  acts  much  like  an  open  jet  tunnel. 

It  would  be  interesting  to  apply  this  correction  procedure  to  tests  in 
large  slotted  wall  wind  tunnels  and  to  compare  the  results  with  interference- 
free  data. 
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c.  Lift  curve  slope 

The  same  RAK-104  model  airfoil  was  also  investigated  in  various  slotted 
wall  model  tunnels  of  different  configurations  (2.67  per  cent  blockage  at 
zero  lift)  and  in  the  larger  closed  wind  tunnel  at  an  angle  of  attack  of  2®. 
Again,  the  slotted  walls  with  a  djH  =  0.20  and  4  per  cent  open-area  ratio 
yielded  results  which  came  closest  to  the  data  obtained  in  the  20  x  8  in. 
closed  wind  tunnel  (see  f'ig.  7.9).  For  this  comparison  the  Mach  number 


CORRECTED  MACH  NUMBER,  M« 

Fig.  7.8.  Ex/ierimental  blockage  correction  for  two-dimensional  RAE-104  airfoil 
(a  =a  0*^)  with  2.67  per  cent  blockage  in  different  wind  tunnels y  based  on  comparison 
with  tests  in  20  in.  x  8  in.  closed  wind  tunnel.^ 


Fio.  7.9.  Lift  coefficient  of  tuo-dimensional  RAE-104  airfoil  (oc  =«  2°)  with  2.67 
per  cent  blockage  in  different  wind  tunnels  {data  corrected  for  blockage  according  to 

Fig.  7.8).^ 
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was  corrected  according  to  the  blockage  correction  described  previously  and 
represented  in  Fig.  7.7.  No  angle-of-attack  correction  was  applied.  It  was 
noticeable  that  when  the  slot  numl>er  was  increased  and  the  same  total 
open-area  ratio  was  maintained  the  walls  rapidly  approached  open  jet 
conditions.  The  deviation  is  apparent  in  spite  of  the  fact  that  the  Mach 
number  has  been  corrected  for  blockage.  It  is  obvious,  therefore,  that  an 
additional  angle-of-attack  correction  is  required;  without  it  the  data 
obtained  from  this  multi-slotted  wall  are  much  like  data  obtained  from  an 
open  jet  tunnel,  not  only  with  respect  to  blockage,  but  also  with  respect  to 
the  flow’  inclination  correction. 

For  comparison,  the  lift  curve  slopes  of  the  model  airfoil  arc  also  presented 
for  the  closed  and  open  jet  wind  tunnels  with  a  7Jx3in.  cross  section. 
These  curves  have  been  corrected  for  blockage  but  not  for  lift;  the  result 
is  an  angle-of-attack  change.  Large  deviations  remain  uncorrected  in  the 
open  jet  results. 

4.  BODY  OF  REVOLUTION  IN  SLOTTED  WIND  TUNNELS 
AND  IN  FREE  FALL 

To  obtain  further  insight  into  the  interference  effect  in  slotted  wind  tunnels, 
a  slender  Ixidy  of  revolution  was  tested  in  lx)th  the  Langley  16  ft  transonic 
tunnel  and  in  free  fall.**  The  Langley  tunnel  was  cquipp)ed  with  eight 
longitudinal  slots  for  a  total  open-area  ratio  of  12  per  cent,  and  a  model  of 
rotational  symmetry  was  built  with  a  length  of  10  ft  and  a  fineness  ratio 
of  12  (Fig.  7.10).  The  blockage  ratio  amounted  to  0.27  per  cent  of  the 


HNENESS  RATIO  lE'l 
LOCATION  OF  My.  DIA.  ^•OO 
NOSE  RADIUS  ^•OOOST 


Fig.  7.10.  Models  investigated  in  the  Langley  16 ft  transonic  tunnel 
and  in  free-fall  tests* 

16  ft  wind  tunnel.  The  free  fall  model  was  equipped  with  horizontal  and 
vertical  tail  surfaces  to  produce  the  required  stability.  The  Reynolds  num¬ 
ber  for  lx)th  the  wind  tunnel  tests  and  the  drop  tests  was  approximately 
38  million. 

Some  typical  pressure  distribution  data  from  this  series  of  tests  are  shown 
in  Fig.  7.1 1  for  Mach  numbers  between  0.85  and  1.003.  It  is  apparent  that 

120 


WIND  TUNNELS  AT  SUBSONIC  AND  SONIC  MACH  NUMBERS 


the  general  trend  of  the  pressure  distribution  is  identical  for  both  the  wind 
tunnel  and  the  free  fall  tests.  There  are,  however,  two  marked  deviations 
between  the  two  sets  of  data.  Particularly  at  the  lower  Mach  numbers  the 
static  pressures  measured  in  the  16  ft  tunnel  are  somewhat  lower  than  those 
of  the  free  fall  tests.  This  dilTercnce  has  a  magnitude  of  ^p  q  =  0.03,  corres> 


a.  Mach  numbers  0.85^  0.90  and  0.95. 

Fio.  7.11.  Pressure  distributions  for  body  of  revolution  (Fig.  7.10)  from  Langley 
16  ft  transonic  tunnel  (0.27  per  cent  blockage)  and  from  free-fall  tests.* 
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b.  Mach  numbers  0,97,  0,997  and  1,003, 
Fig.  7.11.  Concluded. 


ponding  to  a  change  in  the  free-stream  Mach  number  of  approximately 
1.5  per  cent.  It  cannot  be  definitely  stated  whether  this  difference  is  the 
result  of  wind  tunnel  interference  effects  or  of  an  inaccurate  assessment  of 
the  accuracy  of  the  flight  tests. 

The  second  difference  occurs  near  the  downstream  end  of  the  model, 

122 


WIND  TUNNELS  AT  SUBSONIC  AND  SONIC  MACH  NUMBERS 

between  the  stations  at  0.85-0.95  of  the  model  length.  The  cause  of  this 
difference  is  also  not  known  exactly.  However,  the  shift  toward  higher 
pressures  in  this  area  in  the  free  fall  tests  might  be  the  result  of  differences 
in  the  fairings  between  the  sting  supp)ort  and  the  model  end.  Since  the  latter 
explanation  is  verv*  plausible,  the  discrepancy  in  the  rearward  regions  may 
be  dismissed  as  unessential  as  far  as  wall  interference  is  concerned. 

In  summary,  it  c^n  be  stated  that  the  overall  trends  of  the  pressure  dis¬ 
tribution  changes  in  the  high  subsonic  and  sonic  speed  ranges  were  equally 
well  represented  by  the  data  obtained  in  the  Langley  16  ft  transonic  wind 
tunnel  and  that  obtained  in  the  free  fall  tests. 

3.  EXPERIMENTS  WITH  BODIES  OF  REVOLUTION  IN 
PERFORATED  TEST  SECTIONS 

a.  Model  with  fineness  ratio  of  12 

A  6  X  6.25  in.  model  test  section  equipped  with  perforated  walls  having 
an  open-area  ratio  of  22  per  cent  was  used  to  investigate  a  fuselage  model 
with  a  fineness  ratio  12  and  with  the  maximum  thickness  located  at  approxi¬ 
mately  40  per  cent  of  Ixidy  length  behind  the  nose.^  Practically  interference- 
free  data  for  the  same  model  were  obtained  by  experiments  in  an  8  ft  closed 
tunnel  in  which  the  model  blockage  amounted  to  only  0.012  per  cent.  In 
contrast,  the  blockage  of  the  fuselage  model  in  the  6  x  6.25  in.  perforated 
model  tunnel  was  2.09  per  cent. 

.Some  of  the  results  are  presented  in  Fig.  7.12  for  the  selected  Mach 
numixrrs  of  0.89  and  0.95.  In  these  experiments,  the  sidewall  setting  of  tlic 
perforated  wall  wind  tunnel  was  changed  from  0  to  30'  converged  and 
hnally  to  60'  converged.  The  deviations  among  the  three  wall  settings  are 
relatively  small. 

The  agreement  between  the  data  from  the  perforated  w'all  tunnel  and  the 
interference-free  data  is  excellent  at  Mach  number  0.89.  At  Mach  number 
0.95,  however,  a  significant  discrepancy  exists.  The  pressure  distribution  in 
the  large  closed  tunnel  changed  rapidly  between  Mach  numbers  0.89  and 
0.95.  This  change  is  not  readily  explainable,  and  it  is  possible  that  the  data 
in  the  large  closed  wind  tunnel,  rather  than  the  data  in  the  perforated  wall 
wind  tunnel,  may  be  erroneous  (see  for  comparison  the  test  results  for  a 
similar  model  shown  in  Fig.  7.1 1).  Such  reasoning  appears  to  be  supported 
by  the  fact  that  the  tests  in  the  closed  wind  tunnel  were  conducted  close  to 
the  choking  Mach  number,  that  is,  in  a  region  in  w'hich  testing  in  a  closed 
wind  tunnel  is  extremely  sensitive. 

No  indication  of  lack  of  symmetry  of  the  pressure  distribution  due  to 
symmetrical  interference  effects  can  be  noted. 

b.  Cone-cylinder  model 

Extensive  experiments  in  a  large  16  ft  transonic  wind  tunnel  (perforated) 
and  in  a  1  ft  transonic  w'ind  tunnel  (perforated)  were  conducted  at  the 
Arnold  Engineering  Development  Center  with  cone-cylinder  models  having 
a  cone  angle  of  20 '.  In  these  experiments,  as  well  as  in  theoretical  studies, 
it  was  found  that  transonic  tests  of  cone-cylinder  models  are  extremely 
sensitive  in  the  Mach  number  range  slightly  below  Mach  number  one  and 
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in  the  low  supersonic  range.  This  sensitivity  is  caused  by  the  abrupt  turning 
of  the  flow  around  the  sharp  shoulder  at  the  transition  from  the  cone  to 
cylinder  which  leads  to  concentrated  expansion  waves  that  are  very  difficult 
for  either  slotted  or  perforated  walls  to  absorb.  It  was  found  in  these  test 
scries  that  a  wind  tunnel  with  fixed  perforated  wall  geometry  is  not  capable 
of  producing  interference-free  data  for  cone-cylinder  models  in  the  critical 
transonic  range.® 


Fig.  7.12,  Fuselage  model  with  fineness  ratio  of  12  in  perforated  model  test  section 
{2.09  per  cent  blockage)  and  in  large  closed  test  section.^ 

In  these  experiments  the  correlation  between  the  results  obtained  in  the 
perforated  wall  wind  tunnel  and  interference-free  data  could  be  made 
reasonably  close  only  when  the  open-area  ratio  of  the  walls  in  the  vicinity 
of  Mach  number  one  was  drastically  reduced  to  values  as  low  as  1.5  per  cent. 
In  addition,  it  was  necessary  to  use  walls  with  inclined  holes  slanted  60'  in 
the  flow  direction  to  make  the  perforated  walls  more  capable  of  absorbing 
concentrated  expansion  waves. 

Some  results  obtained  with  the  2  per  cent  blockage  cone-cylinder  model 
are  presented  in  Fig.  7.13  for  the  most  critical  Mach  numl>ers  of  0.95,  l.OO 
and  1.05  (Ref.  7).  By  using  small  open-area  ratios,  proper  wall  settings,  and 
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inclined  holes,  the  correlation  could  be  made  reasonably  close.  It  should 
be  mentioned  that  at  Mach  numbers  below  0.95,  cone-cylinder  models 
exhibit  smoother  pressure  distribution  curves  and  arc  less  difficult  to  test  in 
transonic  wind  tunnels.  Also,  in  the  case  of  the  more  common  model  shapes 
which  do  not  have  sharp  shoulders  but  are  smoothly  curved  like  airplane 
fuselages,  the  test  conditions  are  considerably  less  severe  than  those  shown 
for  the  cone-cylinder  mcxlel.  However,  the  Mach  number  range  immedi¬ 
ately  around  Mach  number  one  remains  a  region  of  particular  difficulty  for 
wind  tunnel  testing. 
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Fio.  7.13.  20"^  cone-cylinder  model  with  2  per  cent  blockage  in  I  ft  X  1  Jl  perforated 
test  section  having  inclined  holes  and  optimum  of)en-area  ratio.'^ 


6.  EXPERIMENTS  WITH  WING-FUSELAGE  MODELS  IN 
PERFORATED  TEST  SECTIONS 
a.  Pressure  distribution  measurements  in  model  test  section 

In  the  absence  of  any  systematic  test  series  performed  with  two- 
dimensional  airfoil  sections  in  perforated  wall  wind  tunnels,  a  test  series 
performed  using  a  simplified  wing  fuselage  configuration  w'ill  be  cited  here. 
The  model  used  in  these  tests  is  given  in  Fig.  7.14  (see  Ref.  5).  In  order  to 
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show  the  effect  of  wall  interference  more  clearly,  a  rather  thick  fuselage  and 
wing  section  were  selected.  The  fuselage  had  a  fineness  ratio  of  4  and  the 
wing  a  thickness  ratio  of  10  per  cent.  The  tests  were  conducted  in  a  small 
6  X  6.25  in.  test  section  with  perforated  walls  having  an  open-area  ratio 
of  22  per  cent  with  the  wall  setting  1°  converged.  The  model  size  was  selected 
so  that  the  total  blockage  of  wing  and  fuselage  amounted  to  2.47  per  cent. 


The  small  model  was  also  tested  in  a  large  8  ft  closed  wind  tunnel.  Since 
in  this  tunnel  the  model  blockage  amounted  to  no  more  than  0.014  per  cent, 
these  data  may  be  considered  interference-free  except  in  the  immediate 
vicinity  of  Mach  number  one. 

The  pressure  distribution  over  the  fuselage  and  the  w’ing  at  zero-degree 
angle  of  attack  are  presented  in  Fig.  7.15a-d.  It  is  apparent  that  the  agree- 
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mcnt  l>ctween  the  tests  in  the  {perforated  wall  tunnel  and  in  the  large  closed 
wind  tunnel  is  very  satisfactory.  However,  at  the  highest  test  Mach  number 
of  0.96,  a  small  systematic  deviation  between  the  two  sets  of  data  occurred 
which  may  be  explained  by  a  small  difference  in  Mach  number.  This 
difference  may  require  a  small  velocity  correction  in  the  perforated  wind 
tunnel  in  the  direction  of  a  somewhat  smaller  value. 

It  is  particularly  remarkable  that  even  at  the  blockage  ratio  of  2.47  per 
cent  no  indication  of  a  pressure  gradient  produced  by  the  test-section  walls 
can  be  found.  Such  a  pressure  gradient,  the  result  of  interference  in  perfor¬ 
ated  test  sections,  was  predicted  by  the  theoretical  calculations  of  Chapter 
6.  It  is  apparent,  therefore,  that  the  model  is  either  small  enough  to  eliminate 
the  pressure  gradient  effect  or  that  the  lx)undary  layer  overshadows  this 
effect  so  that  it  is  no  longer  noticeable. 


b.  Force  measurements  in  36  x  35  in.  lest  section 

A  very  extensive  series  of  correlation  tests  are  in  progress  in  a  number  of 
British  transonic  wind  tunnels  of  both  the  slotted  and  perforated  type.® 
For  these  tests  a  special  correlation  model  consisting  of  a  fuselage  and  a  45® 
swept-back  wing  with  a  thickness  ratio  of  6  p>er  cent  was  selected  (see 
Fig.  7.16).  Various  models,  some  of  different  sizes  but  of  the  same  shape 
and  some  identical,  were  built  and  tested  in  various  wind  tunnels.  Certain 
results  of  these  correlation  tests,  not  completed  at  the  present  time,  are 
already  available  and  are  cited  here. 


Fig.  7.16.  Wing-fuselage  model  for  correlation  tests. ^ 


Models  of  0.5  and  0.06  per  cent  blockage  were  installed  in  the  full-scale 
9  X  8  ft  ARA  perforated  wall  wind  tunnel,  and  lift,  moment,  and  drag 
coefficients  were  determined.  Unfortunately,  the  Reynolds  number  during 
these  correlation  tests  was  not  always  kept  constant.  For  the  small  model  the 
Reynolds  number  was  an  average  of  2  x  10®.  It  is  not  possible  at  the  present 
time  to  assess  the  influence  of  this  Reynolds  number  difference  until  more 
detailed  investigations  have  been  conducted. 
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Fig.  7.17a.  Lift  coefficient. 


Fig.  7.17b.  Moment  coefficient. 
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Fio.  7.17.  Wing-fuselage  models  of  different  size  {Fig.  7.16)  in  ARA  9fl  x  8  ft 
perforated  test  section  with  22.5  per  cent  open-area  ratio. ^ 

Some  results  are  presented  in  Fig.  7.17a  for  the  lift  coefficients,  in  Fig. 
7.17b  for  the  moment  coefficients,  and  in  Fig.  7.17c  for  the  transonic  drag 
rise  as  a  function  of  Mach  number.  All  curves  for  the  small  and  the  large 
blockage  models  exhibit  the  same  changes  when  the  Mach  numljer  is  in¬ 
creased  from  high  subsonic  to  low  supersonic  values.  On  the  other  hand, 
definite  difTerences  between  the  results  for  the  various  models  exist.  The 
waviness  of  the  curves  in  the  Mach  number  range  between  Mach  numbers  1 .0 
and  1 . 1  seems  to  indicate  that  some  disturbances  due  to  wave  reflection  occur. 

Reference  should  also  be  made  to  the  more  refined  perforated  test  sec¬ 
tions  with  inclined  holes  for  which  systematic  measurements*  have  been 
conducted  (see  Chapter  10  of  this  AGARDograph). 

7.  BODIES  OF  REVOLUTION  AT  SONIC  SPEED 
a.  Theoretical  considerations 

As  discussed  in  detail  in  previous  chapters,  the  interference  effect  of  tunnel 
walls  cannot  l>e  extrapolated  reliably  to  the  vicinity  of  Mach  number  one 
from  theoretical  calculations  based  on  subsonic  flow  characteristics.  In  order 
to  obtain  some  insight  into  the  characteristics  of  the  flow  in  a  slotted  or  per¬ 
forated  wind  tunnel  at  Mach  number  one,  theoretical  investigations,  utiliz¬ 
ing  the  transonic  similarity  rule  by  von  Karman,®  were  carried  out  for  a 
body  of  revolution.  The  flow  field  around  a  body  of  revolution  in  free  flight 
at  A/  =  1  had  been  determined  previously  for  specific  shapes  by  Guderley 
and  Yoshihara.io  By  utilizing  the  Guderley-Yoshihara  solution  for  the  flow 
along  the  tunnel  wall  and  applying  the  usual  boundary  conditions  for  either 
slotted  or  perforated  walls,  it  is  possible  to  determine  for  each  wall  geometry 
the  pressure  in  the  plenum  chamber  and,  thus,  a  Mach  number  correction 
for  the  wind  tunnel  test.  Such  calculations  based  on  the  von  Karman  tran¬ 
sonic  similarity  rule  and  on  the  Guderley- Yoshihara  theory  for  bodies  of 
revolution  at  Mach  number  one  were  carried  out  by  Berndt^  for  slotted 
wall  wind  tunnels,  and  later  by  Page' 2  for  perforated  wall  wind  tunnels. 
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It  was  shown  that  in  neither  case  was  it  f>ossibIe  to  satisfy  the  boundary 
condition  at  all  stations  of  the  wall  when  the  wall  geometry  was  kept  constant 
in  the  flow  direction.  For  slotted  wall  wind  tunnels,  however,  a  slot  geometry 
can  be  determined  for  which  the  lx)undary  condition  is  satisfied  over  a  large 
range  of  the  tunnel  wall.  It  is  significant  to  note  that  such  wall  geometry  is 
not  identical  to  the  wall  geometry  determined  previously  for  interference- 
free  flow  at  subsonic  velocities.  However,  in  the  example  studied  by  Berndt, 
the  difference  between  Ixith  cases  was  found  to  be  relatively  small.  For  any 
other  wall  geometry,  a  Mach  number  correction  should  1^  applied  which 
can  be  estimated  from  the  following  equations: 

Slotted  Wall  Wind  I'unnel 

=  ()-9g  {r^lR)^n  {r^lx^y^n  (Ref.  11) 

For  usual  configurations,  the  expression,  gy  has  values  between  0*15  and  0*35. 
r*  is  the  radius  of  the  model  at  the  station  at  which  sonic  speed  is  reached  for 
the  first  time  at  the  model  surface.  Correspondingly,  a:*  is  the  erx^rdinate  in 
flow  direction  starting  from  the  model  nose,  again  at  the  station  where  sonic 
speed  is  reached  first  at  the  surface  {R  =  wind  tunnel  radius). 

Perforated  Wind  Tunnels 

^M  =  -h  (r*;/e)6/‘7  {r*  (Ref.  12) 

The  numerical  value  of  h  for  a  20  per  cent  open  perforated  wall  was  cal¬ 
culated  to  be  h  =  0*82. 

These  etpiations  show  some  significant  features.  First,  the  sign  of  the 
correction  is  opposite  for  slotted  and  perforated  w^alls  of  conventional 
geometry.  A  slotted  w'all  reaches  sonic  flow  conditions  at  an  uncorrccted  test 
Mach  number  which  is  somewhat  smaller  than  one.  On  the  other  hand,  a 
perforated  wall  reaches  sonic  speed  at  an  uncorrected  test  Mach  number 
w’hich  is  somcw'hat  larger  than  one. 

Furthermore,  it  is  shown  that  no  longer  is  the  maximum  cross-sectional 
area  of  the  model,  or  the  blockage  ratio,  Am'At,  the  main  parameter  of 
significance,  but  that  rather  it  is  the  cross-sectional  area  of  the  model  at  the 
station  where  first  sonic  speed  is  obtained.  It  is  significant  also  that  the  Mach 
number  correction  grow's  considerably  less  than  the  blockage  ratio  at  the 
sonic  point;  that  is  specifically,  it  grows  only  with  (r^.R)^'^.  Consequently, 
the  wind  tunnel  correction  is  reduced  at  a  much  smaller  rate  than  the  block¬ 
age  ratio  w'hen  the  model  size  is  reduced  in  a  given  w^ind  tunnel. 

Another  important  conclusion  from  the  calculations  in  Ref,  1 1  is  that  in 
w'ind  tunnel  testing  at  sonic  sp>eed  the  length  of  a  model  is  a  more  critical 
parameter  than  the  model  thickness.  From  the  calculations  of  Guderley  and 
Voshihara  it  is  known  that  only  downstream  of  the  reflected  limiting  Mach 
wave  can  a  w^all  interference  effect  l^e  felt  when  perfect  matching  of  the 
Ixiundary  conditions  is  assumed  in  the  subsonic  range  along  the  wall. 
Cxinsequently,  because  of  the  smaller  curvature  of  the  streamlines  around 
slender  models,  the  same  degree  of  wall  interference,  or  inaccuracy  of  wind 
tunnel  test  data,  is  obtained  for  slender  bodies  in  a  given  wind  tunnel  when 
they  have  a  shorter  length  than  blunt  models. 

The  correction  factors  indicated  above  for  slotted  and  perforated  wind 
tunnels  depend  upon  the  geometry  of  the  models  and  upon  the  wind  tunnel 
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parameters  such  as  slot  geometry,  boundary  layer,  etc.  In  order  to  obtain 
reliable  data  at  sonic  speed,  extensive  test  work  is  required  to  calibrate  the 
individual  wind  tunnel  for  various  model  shapes.  Near  sonic  speed,  a  sim¬ 
plification  of  the  calibration  task  for  the  large  group  of  possible  model  shap>es 
is  possible  when  the  equivalence  rule  of  Oswatitsch-Keunc'^  (transonic  area 
rule)  is  employed. 

It  might  be  mentioned  that  transonic  wind  tunnel  testing  near  the  sonic 
speed  still  offers  some  unexplored  and  promising  possibilities.  Since  for  a 
slotted  and  for  a  perforated  test  section,  the  Mach  number  correction  was 
found  to  be  of  opposite  sign,  it  can  be  expected  that  by  combining  the  two 
wall  types,  for  example  by  using  walls  having  longitudinal  slots  with  per¬ 
forated  cover  plates,  the  Mach  number  correction  near  Mach  number  one 
can  be  greatly  reduced,  or  even  eliminated  (see  Chapter  9,  Section  4). 

b.  Experiments  on  the  validity  of  Mach  number  correction  at  sonic  speed 

The  validity  of  the  Mach  number  correction  at  sonic  speed  was  checked  in 
two  sets  of  experiments  for  a  slotted  and  for  a  perforated  wall  wind  tunnel. 
In  both  cases,  a  parabolical-arc  model  of  rotational  synunetry  with  a  fineness 
ratio  of  six  was  used. 

-O-  UNCORRECTEO  Moot  •  UNCORRECTEO  MACH  f^MBER 

(Moot^i  ooo)  in  wind  tunnel 

CORRECTED 

(Moot*. 988) 


Fio.  7.18.  Pressure  distribution  along  parabolic-arc  body  of  revolution  {fineness 
ratio  6,  blockage  0.37%)  at  sonic  speed  in  a  slotted  45  by  48  cm  wind  tunnel 

Some  pertinent  results  obtained  by  Drougge^^  are  shown  in  Fig.  7.18. 
The  wind  tunnel  was  equipped  with  longitudinal  slots  for  which  the  value  of 
0*9  g  in  the  correction  equation  for  slotted  wall  wind  tunnels  was  found  to  be 

0-9  g  =  0-26. 
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I'hc  theoretical  data  for  this  model,  indicated  also  in  the  figure,  were  ob¬ 
tained  from  calculations  by  Guderley  and  Yoshihara.  The  uncorrected  wind 
tunnel  data  differ  from  the  theoretical  values,  particularly  in  the  region 
around  and  Ixrhind  the  maximum  thickness  of  the  mcxlcl.  Application  of  the 
Mach  numl)cr  correction,  which  in  this  particular  case  amounted  to 
A  A/  =  0*012,  was  not  successful;  it  shifted  the  experimental  curve  in  the  wrong 
direction.  7'he  deviations  between  theory  and  experiments  behind  station 
xjL  =  0*75  can  be  disregarded  since  the  theory  is  established  for  a  model  with¬ 
out  sting  support ;  the  deviations  can  be  readily  explained  by  the  sting  effect. 

7'he  same  model  was  also  investigated  in  a  perforated  wall  wind  tunnel  by 
Page  and  Speiter.^^  Significant  deviations  between  theory  and  uncorrected 
wind  tunnel  results  are  apparent  (see  Fig.  7.19).  The  Mach  number  correc- 

-O-  UNCORRECTED  M»t*UNCORRECTEO  MACH  NUMBER 

(MoaT=I.OOO)  IN  WIND  TUNNEL 

CORRECTED 
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Fig.  7.19.  Pressure  distribution  along  parabolic-arc  body  of  revolution  {fineness 
ratio  6,  blockage  0.46%)  at  sonic  sfjeed  in  Arties  14  foot  transonic  wind  tunnel 
with  perforated  walls 

tion  according  to  the  previously  given  equation  results  in  AAf  =  —0*039. 
'Fhis  correction  is  generally  in  the  right  direction  and  brings  the  pressures 
around  and  behind  the  maximum  thickness  of  the  model  in  good  agreement 
with  theory.  However,  larger  deviations  are  obtained  for  the  forward  part 
of  the  model. 

In  summary,  it  may  be  staled  that  at  sonic  speed  the  need  for  a  correction 
of  the  frec-stream  Mach  number  exists  even  w^ith  a  wind  tunnel  geometry 
w'hich  at  lower  Mach  numbers  produces  practically  correction-free  data. 
Transonic  similarity  considerations  can  be  used  to  obtain  an  estimate  of  the 
Mach  numl>er  corrections  to  be  expected  near  Mach  numl>er  one.  However, 
more  refined  calculations  and  careful  wind  tunnel  calibration  tests  are  re¬ 
quired  for  precision  wind  tunnel  testing  in  this  speed  range.  Particular 
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attention  should  be  given  to  the  movement  of  the  main  shock  wave  which 
normally  terminates  the  local  supersonic  field  around  models  in  the  tran¬ 
sonic  speed  range.  It  has  been  observed  in  numerous  experiments  that  the 
wall  interference  effect  frequently  results  in  a  delay  of  the  rearward  shock 
movement  and  thus  in  a  distortion  of  the  flow  field  and  errors  in  pressure 
distribution  and  force  and  moment  measurements.*®  Suitable  geometry  of 
transonic  wind  tunnel  walls  will  reduce  the  magnitude  of  such  delays.  How¬ 
ever,  whenever  the  terminating  shock  position  is  particularly  sensitive  to 
changes  of  Mach  number,  boundary  layer,  etc.,  special  care  in  the  evaluation 
of  wind  tunnel  test  data  must  be  applied. 
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CHAPTER  8 


SUPERSONIC  WALL  INTERFERENCE  IN 
PARTIALLY  OPEN  TEST  SECTIONS  FOR 
TWO-DIMENSIONAL  CONFIGURATIONS 

1.  GKNERAL  CONSIDERATIONS  CONCERNING  WAVE  REFLECTIONS 
IN  OPEN,  CLOSED  AND  PARTIALLY  OPEN  TEST  SECTIONS 

a.  Open  and  closed  test  sections 

In  supersonic  wind  tunnels,  models  produce  compression  and  expansion 
waves  which,  unless  special  measures  are  taken,  are  reflected  from  the  test- 
section  lx)undaries.  If  the  models  are  not  small  enough,  the  reflected  waves 
will  meet  the  models  and  will  cause  discrepancies  between  the  flow  in  the 
wind  tunnel  and  the  flow  in  free  flight.  If  the  wind  tunnel  walls  are  solid 
Ixiundaries,  a  shock  wave  will  be  reflected  with  the  same  sign,  that  is,  as  a 
compression  wave.  Expansion  waves  such  as  those  generated  around  the 
shoulder  of  the  model  shown  in  Fig.  8.1  are  reflected  as  expansion  waves. 

It  is  known  as  a  general  principle  in  supersonic  flow  that  waves  are 
reflected  with  the  same  sign  and  the  same  absolute  flow  turning  angle 
(also  approximately  the  same  intensity)  from  a  plane  solid  wall  because  the 
flow  direction  must  be  maintained  parallel  to  the  solid  wall  (see  Fig.  8.2). 
On  the  other  hand,  along  an  open  boundary,  the  condition  of  a  constant 
static  pressure  along  the  lx)undary  must  be  met.  Therefore  a  compression 
wave  meeting  an  open  lx)undary  will  be  reflected  as  an  expansion  wave  of 
equal  density  with  the  same  absolute  pressure  change.  In  the  case  of  an 
expansion  wave  impinging  upon  an  open  boundary,  the  reverse  relationships 
hold  true  (Fig.  8.2). 

Since  solid  boundaries  and  open  jet  boundaries  produce  wave  reflections 
having  opposite  characteristics,  there  is  a  possibility  of  eliminating  wave 
reflections  by  means  of  a  suitable  mixing  of  open  and  solid  lx)undaries. 
Such  mixed  l^oundary  conditions  might  be  produced  by  using  walls  of  either 
the  slotted  or  perforated  t>q)c. 

b.  Partially  open  walls 

Several  examples  of  two-dimensional  shock-wave  reflections  without 
consideration  of  the  wall  boundary  layer  are  presented  in  Fig.  8.3.  The 
inclined  flow  behind  an  oblique  shock  wave  meets  the  perforated  wall  and 
produces  a  pressure  drop  when  it  flows  through  the  wall.  If  this  pressure 
drop  is  equal  to  the  pressure  rise  through  the  main  oblique  shock  wave,  the 
static  pressures  in  the  flow  and  in  the  plenum  chamber  are  in  equilibrium, 
and  the  condition  of  “no  reflection”  is  obtained.  If  the  open-area  ratio  of 
the  perforated  wall  is  smaller  than  in  the  “no  reflection”  case,  a  partial 
reflection  in  the  form  of  a  compression  wave  occurs  since  the  cross  flow 
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through  the  wall  must  be  reduced  to  produce  pressure  equilibrium.  On  the 
other  hand,  if  the  open-area  ratio  is  greater  than  in  the  “no  reflection” 
case,  a  partial  reflection  in  the  form  of  an  expansion  wave  occurs,  and  the 
pressure  equilibrium  is  established  by  increasing  the  cross  flow'  through  the 
wall. 


Fig.  8. 1 .  Schlieren  picture  showing  wave  reflection  in  supersonic  test  section 
with  solid  walls. 


Fio.  8.2.  Wave  reflection  in  supersonic  flow  on  solid  and  on  free-jet  boundaries. 
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The  wave  pattern  for  oblique  flow  through  a  partially  open  wall  is  shown 
sclicmatically  in  Fig.  8.4.  A  system  of  expansion  and  compression  weaves  is 
produced  in  which  the  waves  cancel  each  other  gradually  and  disappear 
completely  at  large  distances  from  the  wall.  It  is  apparent  from  this  simplified 
consideration  that  the  flow  in  close  proximity  to  the  walls  is  non-uniform 
but  at  a  suitable  mixing  distance  from  the  wall  the  non-uniformity  decays 
and  the  flow  assumes  a  uniform  quality.  At  a  given  Mach  number  the 
thickness  of  the  non-uniform  flow  layer  is  proportional  to  the  size  of  the 
openings  in  the  wall,  so  that  only  a  narrow  layer  of  non-uniform  flow  exists 
when  many  small  openings,  instead  of  a  few  large  openings,  are  provided. 
Since  it  is  obvious  that  in  wind  tunnels  the  layer  of  non-uniform  flow  must 


OPENINGS  TOO  SMALL  OPENINGS  TOO  LARGE 


OPENINGS  CORRECT  SIZE 

Fig.  8.3.  Shock-wai*e  reflection  on  partially  open  walls  with 
various  opening  ratios 

not  extend  to  the  model,  the  use  of  test-section  walls  with  “small-grain” 
openings  is  necessary.  This  requirement  holds  true  for  lx>th  perforated  and 
slotted  test-section  walls.  In  other  words,  a  great  number  of  small  individual 
openings  (i.e.  circular  holes  or  transverse  or  longitudinal  slots)  is  required 
for  efficient  wave-reflection  cancellation  in  wind  tunnels.  The  permissible 
size  of  these  openings  depends  up)on  the  shap)e  of  the  opening,  the  thickness 
of  the  wall  lK)undary  layer,  the  Mach  number,  and  the  flow  angle. 

The  alx>ve  considerations  on  the  correct  open-area  ratio  of  perforated 
walls  are  based  on  the  requirement  for  equilibrium  between  test-section  and 
plenum  chamber  pressures  behind  a  shock  wave.  In  general,  pressure 
equilibrium  is  not  obtained  with  an  open-area  ratio  of  0.50,  that  is,  with  a 
wall  having  open  and  closed  areas  of  equal  size.  Consequently,  an  oblique 
shock  wave  first  reflects  compression  waves  which  exceed  the  expansion 
waves  in  intensity  or  expansion  waves  which  exceed  the  compression  waves. 
This  initial  unbalance  of  intensity  will  then  be  eliminated  by  the  formation 
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of  additional  waves  behind  the  main  oblique  shock  wave  if  the  walls  have 
the  correct  open-area  ratio. 

The  alxwe  discussion  indicates  that  the  wave  cancellation  problem  is 
divided  into  two  separate  problems:  first,  the  problem  of  the  reflection  of 
the  initial  shock;  and  secondly,  the  problem  of  establishing  the  correct 


MANY  SMALL  SLOTS 
OR  MANY  OPENINGS 
OF  ARBITRARY  SHAPE 


NARROW  STRIP  OF 
NON-UNIFORM  FLOW 


Fio.  8.4.  H  ave  patUrn  for  supersonic  flow  crossing  a  wall  with 
iratxsimsal  slots.  ^  2 


pressure  equilibrium  between  the  test-section  and  plenum  chamber  pressures 
behind  the  initial  oblique  shock  through  a  system  of  secondary  waves. 

In  addition  to  the  alx>ve  considerations  concerning  wave  cancellation  in 
inviscous  flow,  the  boundary  layer  along  partially  open  walls  has  been 
found  to  have  a  significant  influence  on  the  shock  cancellation  character¬ 
istics  of  the  walls.  One  of  the  major  problems  in  achieving  eflfective  wave 
cancellation  is  to  find  a  suitable  method  of  controlling  wall  boundary  layer 
(see  Section  4  of  this  chapter). 

r.  Influence  of  outflow  and  inflow  on  shock  reflection 

In  the  preceding  discussion  it  is  assumed  that  with  partially  open  walls  a 
definite  relationship  exists  between  cross  flow  and  pressure  drop.  It  will 
now  be  shown  how  the  pressure  drop  relationship  can  be  calculated  assum¬ 
ing,  among  other  conditions,  constant  entropy  in  the  flow.  In  the  case  of 
flow  out  of  the  test  section,  the  condition  of  constant  entropy  can  be  met 
reasonably  well.  In  the  case  of  inflow  from  the  plenum  chaml>er  into  the 
test  section,  however,  low  energy  air  flows  through  the  wall,  and  the  condi¬ 
tion  of  constant  entropy  in  the  cross  flow  is  not  met.  It  is  possible,  however, 
to  shape  partially  open  walls  in  such  a  manner  that,  in  spite  of  entropy 
changes,  the  “pressure  drop-cross  flow”  characteristics  for  inflow  and 
outflow  arc  approximately  equal.  Walls  with  inclined  holes  will  be  discussed 
in  some  detail  in  Section  5  of  this  chapter  and  in  Chapter  9,  where  experimen¬ 
tal  results  obtained  using  such  walls  are  presented. 

When  specially  shaped  walls  are  employed  which  have  the  characteristic 
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of  an  equal  pressure  drop  for  both  outflow  and  inflow,  the  analytical  calcu¬ 
lations  for  rcflcction-frcc  walls  are  again  applicable  as  far  as  the  required 
characteristic  “cross  flow-pressure  drop”  relationship  is  concerned.  However, 
the  open-area  ratios  determined  from  isentropic  flow  relationships  must  be 
modified. 

2.  THEORY  OF  WAVE  CANCELLATIONS  IN  WIND  TUNNELS 
WITH  LONGITUDINAL  SLOTS 
a.  Conditions  in  the  licinity  of  the  impinging  waves 

When  a  two-dimensional  shock  wave  impinges  upon  a  flat  wall  having 
longitudinal  slots,  the  impinging  shock  wave  will  be  reflected  as  a  shock 
wave  from  the  solid  parts  of  the  wall  according  to  the  general  laws  of  wave 
reflection.  In  a  similar  manner,  the  impinging  shock  wave  will  \)€  reflected 
as  an  expansion  wave  from  the  open  parts  of  the  wall,  that  is,  from  the  slots. 
If  no  other  waves  are  produced  further  downstream  of  the  impingement  of 
the  initial  shock  wave,  the  reflected  shock  waves  and  the  reflected  expansion 
waves  will  cancel  each  other  at  some  distance  from  the  wall  where  their 
combined  intensity  equals  zero.  In  other  words,  the  effect  of  the  reflected 
shock  and  expansion  waves  is  nullified  at  some  distance  from  the  wall  when 
the  slotted  wall  has  equal  areas  of  solid  walls  and  open  slots,  that  is,  when 
the  open-area  ratio  of  the  wall  is  ^open  -^totai  =  0.50.  It  should  l>e  noted  that 
only  with  a  50  per  cent  open  longitudinally  slotted  wall  is  the  effect  of  the 
primary  reflected  waves  thus  eliminated  at  some  lateral  distance  from  the 
wall.  However,  as  will  be  shown,  this  50  per  cent  op>en  wall  will  not  satisfy 
the  requirement  of  pressure  equilibrium  in  the  flow  behind  the  reflected 
waves. 

In  the  regions  adjacent  to  the  slots  of  the  longitudinally  slotted  walls, 
the  static  pressure  for  a  50  per  cent  open  wall  will  equal  the  undisturbed 
pressure  (the  pressure  in  the  plenum  chamber).  Along  the  solid  portions  of 
the  wall  Inrhind  the  reflected  shocks,  the  static  pressure  will  be  considerably 
larger  than  cither  the  pressure  in  the  plenum  chamber  or  the  pressure 
l>chind  the  initial  shock  wave.  Consequently  a  wave  system  will  develop 
along  the  edges  of  the  slots  which  will  tend  to  equalize  the  pressures  between 
the  regions  adjacent  to  the  slots.  At  a  sufficient  distance  behind  the  impinging 
shock  wave,  the  secondary  wave  system  will  assume  a  uniform  character 
along  the  edges  of  the  individual  slots,  and  there  will  be  no  further  changes 
in  the  flow  direction.  It  is  for  this  uniform  flow  far  behind  the  initial  imping¬ 
ing  shock  that  the  condition  of  pressure  equilibrium  between  the  flow  in 
the  wind  tunnel  and  the  air  in  the  plenum  chamber  must  be  satisfied. 


b.  Conditions  downstream  of  the  impinging  waves 

When  a  wall  with  longitudinal  slots  is  exposed  to  an  oblique  supersonic 
flow  such  as  that  which  occurs  far  behind  a  two-dimensional  oblique  shock 
wave,  the  cross  flow  is  basically  of  the  subsonic  type.  This  situation  is 
analogous  to  the  case  of  inclined  flow  around  slender  Ixxlies  or  small-aspect- 
ratio  wings.  ^  The  pressure  drop  through  such  a  slotted  wall  can  therefore 
be  readily  calculated  from  the  basic  laws  of  continuity  and  momentum. 
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When  cniropy  changes  are  neglected  and  the  compressible  flow  equations 
are  linearized,  the  pressure  drop  of  a  flow  passing  through  the  wall  at  a 
small  oblique  angle,  6,  is  (see  Section  1  of  Appendix  to  this  chapter) : 


Aph,  =  (l//?2-I)<?2 


'I'he  open-area  ratio  necessary  to  provide  complete  cancellation  for 
slotted  walls  can  then  be  determined : 

/?2  =  J(‘V/2-l)*^ 

where  R  =  ratio  of  open  to  total  area,  and 

$  =  flow  inclination  angle  behind  oblique  shock. 

From  these  linearized  calculations,  the  open-area  ratios  for  slotted  walls 
were  calculated  for  complete  and  partial  cancellation  of  shock-wave  reflec¬ 
tions  (Figs.  8.5a  and  b).  It  is  significant  that  the  correct  open-area  ratio 
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Fio.  8.5a.  Open-area  ratio  of  longitudinally  slotted  and  fterf orated  walls  for 
complete  shock  cancellation.^^ 


for  longitudinally  slotted  walls  changes  with  lx)th  the  Mach  numl^er  and 
the  flow  angle  of  the  flow  approaching  the  slotted  wall.  The  longitudinally 
slotted  wall,  therefore,  is  not  well  suited  to  cancellation  of  shock  waves  in 
a  wind  tunnel  capable  of  a  variety  of  Mach  numbers  because  the  wall 
open-area  ratio  would  have  to  Ixr  adjusted  continuously  in  order  to  meet  the 
“no-reflection”  condition.  An  even  more  serious  difficulty  is  the  fact  that  it 
would  also  be  necessary  to  adjust  the  wall  open-area  ratio  when  the  super¬ 
sonic  flow  approaching  the  longitudinally  slotted  wall  changed  its  direction. 
Such  an  adjustment  is  not  easy  to  accomplish  because  the  flow  direction 
around  a  complex  wind  tunnel  model  changes  locally,  even  at  a  given 
constant  angle  of  attack. 
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OPEN-AREA  RATIO 

Fig.  8.5b.  Open-area  ratio  of  longitudinally  slotted  walls  for  partial  shock 
cancellation  at  M  1,80,^ 


3.  THEORY  OF  WAVE  CANCELLATION  I.\  PERFORATED 
WIND  TUNNELS 

a.  Linearized  theory 

When  thin  walls  with  transverse  slots  (which  can  be  assumed  to  act  in  a 
manner  similar  to  thin  walls  with  perforations)  are  considered,  the  flow 
pattern  can  be  readily  determined  by  the  method  of  characteristics.  If 
entropy  changes  are  neglected  and  the  compressibility  equations  are 
linearized,  the  pressure  drop  of  a  supersonic  flow  passing  the  wall  at  a  small 
oblique  angle,  is  (see  Section  2  of  Appendix  to  this  chapter) : 

2/1  \ 

-  =  - ( - 1  ^ 

q  (M2-l)i\/?  / 

The  open-area  ratio,  /?,  necessary  to  provide  complete  wave  cancellation 
for  perforated  walls  can  then  be  calculated : 

R  =  0.50 

The  value  of  the  open-area  ratio  of  perforated  w^alls  thus  obtained  from 
linearized  theory  for  the  “no-reflection’*  case  is  independent  of  Mach 
number  and  shock  intensity.  Such  a  characteristic  is  highly  desirable  and 
makes  the  perforated  wall  superior  to  the  longitudinally  slotted  wall  because 
one  wall  with  constant  geometry  is  then  capable  of  satisfying  the  require¬ 
ments  for  reflection-free  conditions  at  diflerent  Mach  numbers  and  flow 
angles  (see  Fig.  8.5a). 

If  the  open-area  ratio  of  perforated  walls  is  not  selected  correctly,  a 
partial  reflection  of  an  impinging  shock  wave  will  occur.  In  this  case,  w  hen 
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ihc  same  assumptions  arc  made  as  previously,  the  pressure  rise  A/>r  due  to 
partial  reflection  of  the  primary'  shock  wave  can  be  determined  from  the 
following  relationship: 

APr/SPsH  =1-2/? 

I'his  relationship  is  presented  graphically  in  Fig.  8.5c. 


Fig.  8.5c,  Ofitn-area  ratio  of  perforated  walls  for  partial  shock 
cancellation  at  At  *  1.80, 

It  should  be  noted  that  the  alxive  equation  is  valid  only  for  conditions  at 
some  distance  behind  the  impinging  shock  wave.  in  the  case  of  longi¬ 
tudinally  slotted  walls,  the  typ)c  of  reflection  at  the  impingement  point  of 
the  initial  shock  wave  depends  upon  the  character  of  the  wall  in  that  area. 
If  the  shock  wave  should  strike  a  solid  portion  of  the  wall,  it  would  be  reflected 
as  a  shock  wave.  However,  as  with  longitudinally  slotted  walls,  this  initial 
reflected  shock  from  a  perforated  wall  is  supplemented  by  another  wave 
system  which  is  instrumental  in  establishing  pressure  equilibrium  between 
the  plenum  chamber  flow  and  the  tunnel  flow  downstream  of  the  initial 
shock.  More  detailed  consideration  of  the  wave  pattern  shows  that  the 
transition  from  the  initial  reflected  wave  to  the  final  stabilized  wave  system 
will  be  accomplished  within  a  distance  which  will  be  smaller  than  the 
distance  between  the  leading  edges  of  two  adjacent  transverse  wall  elements. 

b.  Deviations  from  linearized  theory 

The  preceding  calculations  are  based  on  the  assumption  that  the  flow  is 
isentropic  and  follows  the  linearized  Prandtl-Glauert  theory.  The  factor  A 
in  the  equation  for  the  pressure  drop  at  the  wall, 

^p|q  =  KS 


TRANSONIC  WIND  TUNNEL  TESTING 

can  be  written  as  (see  Section  2  of  Apf>endix  to  this  chapter) : 


It  is  known  that  in  real  flow  this  equation  does  not  hold  true,  particularly 
in  the  case  of  Mach  numbers  near  one,  because  the  linearized  theory 
requires  that  for  M  1  the  factor  K  would  tend  to  go  to  infinity.  In  actual 
flow  the  factor  K  maintains  a  finite  value. 

For  complete  wave  cancellation  it  would  be  necessary  to  use  a  wall  with 
cross-flow  characteristics  according  to : 

A'  =  2/(A/2-l)i 

As  was  shown  by  analytical  investigations,  such  a  condition  for  K  can  be 
met  in  linearized  isentropic  flow  when  the  wall  open-area  ratio  R  of  the 
perforated  wall  is  equal  to  0.50.  However,  since  in  real  flow  the  factor  K 
docs  not  vary  according  to  the  above  law,  particularly  in  the  case  of  Mach 
numbers  near  one,  the  open-area  ratio  of  perforated  walls  must  be  reduced 
significantly  near  Mach  number  one  in  order  to  produce  the  necessary 
large  values  of  K. 


4.  EXPERIMENTAL  RESULTS  FOR  TWO-DIMENSIONAL 
SHOCK-WAVE  CANCELLATION 

a.  Longitudinal ly-s lotted  wind  tunnel  walls 

A  number  of  systematic  experiments  have  been  conducted  in  several 
laboratories  in  order  to  check  the  correctness  of  the  equations  describing 
wave  reflection  from  slotted  walls. 

The  staff  of  the  United  Aircraft  Corporation^  studied  the  cancellation  of 
shock  reflections  on  slotted  walls  having  open-area  ratios  between  10  and 
50  per  cent.  Figure  8.6  presents  a  number  of  selected  Schlieren  photographs 
from  this  test  series.  A  two-dimensional  plate  set  at  an  angle  of  3®  in  super¬ 
sonic  flow  at  Mach  number  1.8  used  to  produce  a  two-dimensional 
shock  front. 

It  can  be  seen  that  for  solid  walls  {R  =  0)  and  for  slotted  walls  having  a 
10  per  cent  open-area  ratio,  the  reflection  of  the  primary  shock  wave  occurs 
in  the  form  of  a  compression  reflection.  When  the  open-area  ratio  is  increased 
to  20  or  30  p)er  cent,  the  reflected  wave  becomes  an  expansion  wave,  indi¬ 
cating  that  the  wall  is  too  open.  According  to  theory,  a  slotted  wall  with  an 
open-area  ratio  of  approximately  21  per  cent  would  be  required  to  cancel 
a  shock  wave  of  3®  turning  angle  in  Mach  number  1.8  flow.  The  experi¬ 
mental  results  of  these  tests  are,  therefore,  in  qualitative  agreement  with 
theory.  However,  the  slotted  wall  with  20  per  cent  open-area  ratio  produced 
an  expansion  reflection  of  the  impinging  shock  wave  although  theory  predicted 
that  this  open-area  ratio  would  provide  an  almost  reflection-free  geometry 
and  would  produce  only  a  weak  compression  reflection.  Apparently  a  longi¬ 
tudinally  slotted  wall  in  a  supersonic  wind  tunnel  acts  somewhat  more 
open  in  real  flow  than  non-viscous  theory  predicts  when  the  boundary  layer 
along  the  wall  is  not  considered. 
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In  order  to  check  quantitatively  the  reflection  characteristics  of  longitu¬ 
dinally'  slotted  walls,  a  series  of  systematic  experiments  with  shock  reflection 
were  carried  out  in  the  WADC  Propubion  Laboratory  6  in.  supersonic 
wind  tunnel.3»4  Again  a  flat  plate  was  used  to  produce  a  two-dimensional 
shock  wave  which  would  impinge  upon  the  test-section  wall.  The  intensity 
of  the  reflected  wave  system  was  then  probed  by  means  of  detailed  measure¬ 
ments  along  a  line  at  a  constant  distance  from  the  wall  (see  Fig.  8.7). 

First  the  pressure  distribution  through  a  shock  wave  and  the  reflection 


R.?0%  R«SO% 


Fig.  8.6.  Reflection  of  a  3°  shock  wave  on  longitudinally  slotted  walls  with  different 
open-area  ratios,  R,  at  parallel  wall  setting,  M  =  L80f^ 
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Fio.  8.7.  Test  coriflguration  for  shock  wave  reflection, 


145 


TRANSONIC  WIND  TUNNEL  TESTING 

from  a  solid  wall  were  examined.  The  pressure  data  for  this  case  are  presented 
in  Fig.  8.8.  It  can  be  seen  that  upstream  and  downstream  of  the  shock 
fronts  the  pressure  is  essentially  constant  and  that  the  reflected  shock  has 
approximately  the  same  intensity  as  the  primary  impinging  shock. 

The  same  test  equipment  w'as  then  used  to  investigate  the  shock  reflection 
from  a  longitudinally  slotted  w'all  with  20  per  cent  op)en-area  ratio.  The 
slot  width  was  0.1  in.,  the  distance  betw’een  slot  centers  was  0.6  in.,  and  the 
wall  thickness  was  i*®  in.  The  results  obtained  for  this  case  are  shown  in 
Fig.  8.9.  Both  surv'eys,  that  above  the  open  area  and  that  above  the  solid 
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Fig.  8.8.  Reflection  of  a  3°  shock  wave  on  a  solid  wall  at  M  ^  L75M 


area  of  the  wall,  arc  basically  vcr>^  similar.  It  is  also  obvious  that  at  a  probe 
distance  approximately  two  times  the  distance  between  slot  centers,  the 
influence  of  the  open  and  the  solid  portions  of  the  wall  is  no  longer  noticeable 
as  individual  distinct  reflections;  the  open  and  solid  parts  of  the  wall  act 
together  as  one  partially  open  wall.  This  selected  open-area  ratio  of  20  per 
cent  should  have  yielded  reflection-free  conditions  for  a  3®  shock  in  Mach 
number  1.75  flow,  according  to  theory.  Although  the  strong  reflections 
experienced  with  a  solid  wall  are  greatly  reduced  by  the  slotted  wall  con¬ 
figuration,  the  test  results  show  an  irregular  pressure  distribution  behind 
the  initial  reflected  wave.  Apparently  a  complex  system  of  secondary  shock 
and  expansion  waves  causes  unpredictable  disturbance  conditions,  even  at  a 
large  distance  downstream  of  the  initial  reflected  shock.  The  cause  of  these 
experimentally  determined  pressure  disturbances  can  be  found  in  viscous 
flow  effects  and  secondary  flow  as  described  in  detail  by  Allen  and  Spiegel^ 
and  in  Chapter  9, 

Thus,  despite  experimental  verification  of  the  fact  that  slotted  walls  have 
the  capacity  to  reduce  shock  reflection  considerably  when  the  open-area 
ratio  of  the  wall  is  properly  selected,  the  p>otential  of  such  a  wall  in  a  super¬ 
sonic  wind  tunnel  is  not  considered  very  favorable.  Thk  conclusion  results 
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from  the  disturbing  influence  of  the  viscosity*  and  secondary  flow  effects  and, 
most  signiflcantly,  from  the  ncccssit>"  of  selecting  a  different  open-area 
ratio  for  each  shock  strength  and  each  Mach  number.  The  number  of  experi¬ 
mental  investigations  of  the  shock  reflection  characteristics  of  longitudinally 
slotted  walls  is  therefore  relatively  limited. 


Fig.  8.9.  Rejkction  of  a  3^  shock  wave  on  a  longitudinally  slotted  wall  with  20  per  cent 
open-area  ratio  at  M  1.75  (pressure  surveys  at  I -in.  distance  from  wall)M 

b.  Perforated  wind  tunnel  walls 

Qualitative  Experimental  Results. — As  early  as  1950  results  were  reported 
for  experiments  conducted  in  a  transonic  wind  tunnel  at  the  Cornell  Aero¬ 
nautical  Lalx)ratory.®'7  The  Schlieren  pictures  of  the  tests  showed  that  in 
the  low  supersonic  Mach  number  range  up  to  1.3,  no  visible  reflections 
could  be  detected  when  shock  waves  produced  by  a  two-dimensional  wedge 
impinged  upon  perforated  wind  tunnel  walls.  The  selected  Schlieren 
pictures  of  this  early  experimental  study  shown  in  Fig.  8.10  indicate  that  in 
the  critical  Mach  number  range  from  just  above  Mach  number  one  to  Mach 
number  1.3  it  is  (X)ssible  to  cancel  the  shock  reflections  completely  or  to 
reduce  them  to  an  acceptable  level  using  a  wall  of  constant  geometry. 

The  same  conclusions  can  l>e  drawn  from  experiments  conducted  by 
United  Aircraft  Research  Lalx)ratories  on  the  shock  reflections  produced 
on  perforated  plates  in  supersonic  flow  in  the  Mach  number  range  between 
1.5  and  2.0  (Ref.  8).  The  Schlieren  pictures  obtained  during  these  tests 
indicate  that  a  50  per  cent  perforated  wall,  which  has  approximately  the 
correct  op)cn-area  ratio  for  reflection-free  flow,  produced  pronounced  wall 
reflections  in  the  form  of  expansion  waves  (see  Fig.  8.11).  More  detailed 
investigations  showed  that  the  observed  reflection  pattern,  that  is,  the 
sjiock  wave  reflected  as  an  expansion  wave,  is  controlled  by  the  thick 
boundary'  layer  which  forms  along  perforated  walls  and  acts  as  an  open  jet 
boundary'.  Since  the  primary  condition  for  wave  reflection  from  open  jet 
boundaries  is  that  the  static  pressure  be  maintained,  the  shock  waves  arc 
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Fig.  8.11.  Schlieren  photographs  of  shock  reflections  on  perforated  walls  with  and 
without  boundary  layer  removal.^ 
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reflected  as  expansion  waves.  This  interpretation  of  the  test  results  led  to 
the  concept  that  the  l>oundary  layer,  particularly  its  subsonic  portion^  must  be 
removed  or  at  least  sufliciently  thinned  if  a  perforated  wall  >vere  to  be 
eflfectivc  for  wave  cancellation.  Exp>crimental  results  presented  in  Fig.  8.11 
verify  the  fact  that  with  proper  boundary  layer  removal  a  p>erforated  wall 
acts  as  theory  predicts:  no  visible  reflections  for  a  perforated  wall  having 
the  proper  open-area  ratio  can  be  detected. 

Quantitative  Experimental  Results, — ^'I’he  initial  quantitative  results  reported 
briefly  in  the  preceding  section  were  supplemented  by  a  number  of  system¬ 
atic  experimental  studies  in  which  the  reflected  wave  system  was  surveyed 
in  detail  at  certain  distances  from  the  test  wall.®  United  Aircraft  Corporation 
showed  by  Schlieren  photos  and  by  systematic  pressure  probing  that  at  a 
Mach  numl>er  of  1.2  a  perforated  wall  with  a  23  per  cent  open-area  ratio 
acts  in  almost  the  same  manner  as  an  open  jet  l)oundary  when  the  boundary 
layer  is  not  removed  (see  Fig.  8.12).  The  Ixjundary  layer  thickness  at  a 
point  just  upstream  of  the  shock  impingement  [K)int  was  also  determined, 
and  the  fact  was  verified  that  perforated  walls  develop  extremely  detri¬ 
mental  and  thick  boundary  layers  if  no  auxiliary  suction  is  provided  to 
remove  the  layer.  .\t  the  same  test  conditions,  that  is,  at  a  shock  angle  of 
4®  and  a  supersonic  flow  of  Mach  number  1.2,  perforated  walls  can  effec¬ 
tively  eliminate  shock  reflections  when  boundary  layer  at  the  shock  impinge¬ 
ment  point  is  thinned  by  means  of  auxiliary  suction  (see  Fig.  8.12).  These 
United  Aircraft  experiments  show  the  significance  of  boundary  layer 
removal  from  perforated  walls  and  the  potential  value  of  such  walls  in 
eliminating  shock  reflections. 

.\nother  extensive  systematic  series  of  shock  reflection  tests  in  supersonic 
flow  was  conducted  in  the  6  in.  suf>ersonic  wind  tunnel  of  VVADG  with  the 
same  equipment  described  previously  (see  Fig.  8.8).  For  a  shock  wave  of 
3®  in  a  supersonic  flow  of  Mach  number  1.75,  a  perforated  wall  having  a 
39  per  cent  open-area  ratio  reduced  the  reflected  shock  strength  to  a  very 
small  value  when  the  boundary  layer  thickness  was  sufliciently  reduced  (see 
Fig.  8.13).  V'arious  lx)undary  layer  thicknesses  were  studied  in  this  test  series. 
With  the  thickest  investigated,  that  is,  with  an  auxiliary  suction  of  only 
Ama/m<i  =  0.02  •  AwjAt  per  cent)  the  boundary  layer  acted  much  like  an  open  jet 
l^oundary.  Hence  the  impinging  shock  wave  was  reflected  as  an  expansion 
wave  having  nearly  the  same  intensity  as  the  initial  shock  wave.  Behind  the 
shock  the  Ixjundary  layer  gradually  flowed  through  the  perforated  wall  into 
the  plenum  chamber  so  that  at  a  certain  distance  behind  the  impingement 
point  a  thin  l)oundary  layer  and  good  reflection  cancellation  were  obtained. 
When  the  l>oundar\'  layer  was  thinned  by  auxiliary  suction  (i.e.,  when 
Ama/ma  =  0.62*  Awl  At  per  cent)  the  open  jet  boundary  character  of  the 
shock  wave  reflection  largely  disappiearcd  so  that  the  initial  disturbance 
field  behind  the  primary  shock  wave  was  weaker  and  decayed  more  quickly 
until  the  final  state  of  the  flow  w'as  reached  (Fig.  8.13). 

Results  similar  in  principle  to  those  obtained  with  the  39  per  cent  open- 
area  wall  were  also  obtained  in  the  W.\DC  series  using  perforated  walls 
with  open-area  ratios  of  10,  20,  and  30  per  cent.^  All  pressure  surveys  from 
these  tests  (Figs.  8. 13-^.  16)  show  that  a  local  disturbance  field  produced 
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mainly  by  the  boundar^^  layer  develops  immediately  downstream  of  the 
impinging  shock  wave.  In  the  case  of  thick  boundary  layers,  that  is, 
when  little  or  no  auxiliary  suction  is  provided,  the  shock  wave  is  reflected 
as  an  expansion  wave  until  the  boundary’  layer  is  bled  off  through  the 
perforated  wall  and  a  thin  boundary  layer  having  a  constant  pressure  level 
is  finally  established.  The  thinner  the  initial  boundary’  layer,  that  is,  the 
greater  the  amount  of  auxiliary  suction  provided,  the  smaller  is  the  open 
boundary  layer  effect  and  consequently  the  disturbance  pressure  field. 

From  the  results  of  the  WADG  boundary  layer  surveys  conducted  at  a 
point  upstream  of  the  impingement  point  of  the  primary  shock  (see  Fig. 
8.17),  it  can  be  estimated  that  an  axial  distance  corresponding  to  four  to 
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Fig.  8.12.  Reflection  of  4°  shock  wave  on  perforated  wall^  23  per  cent  open-area  ratiOy 
without  and  with  boundary  layer  removal.^ 
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Fig.  8.13.  Reflection  of  3°  shock  wai'e  on  perforated  wall^  39  per  cent  open-area  ratio, 
M  ^1.75  {pressure  sunnys  at  1  in.  distance  from  wall),^>^^ 


STATION,  in. 

Fig.  8.14.  Reflection  of  3°  shock  wave  on  perforated  wall,  10  per  cent  open-area  ratio, 
M  =  1,75  {pressure  surveys  at  1  in.  distance  from  wall).* 
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Fio.  8.15.  Reflection  of  3°  shock  wave  on  perforated  wall,  20  per  cent  open-area  ratio, 
M  =  7.75  {pressure  surveys  at  1  in,  distance  from  wall),* 


Fig.  8.16.  Reflection  of  3°  shock  wave  on  perforated  wall,  30  per  cent  open-area  ratio, 
M  s.  1J5  {pressure  surveys  at  1  in,  distance  from  wall).* 
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five  boundary  layer  thicknesses  is  required  before  the  boundary  layer  and 
the  resulting  local  pressure  disturbances  reach  steady-state  conditions. 
Boundary  layer  thickness  is  defined  here  as  the  distance  from  the  wall  to  a 
point  at  which  99  per  cent  of  the  undisturbed  velocity  is  obtained  (see 
Fig.  8.17). 


-=r^-MASS  FLOW  REMOVAL  RATIO 
"'a 

a^-area  of  perforated  wall 

A|  -AREA  OF  TEST  SECTION 


Fio.  8.17.  Boundary  layer  profiles  along  perforated  wall  for  different  auxiliary  station 
quantities  at  M  ■■  7.75,  station  50  inJ^ 


Calculations  on  Boundary  Layer  Influence  on  Wave  Reflections. — To  confirm  the 
concept  that  even  boundary  layers  with  completely  supersonic  velocity 
profiles  can  produce  local  disturbances  of  considerable  intensity,  an  ex¬ 
tremely  simplified  calculation  was  carried  out  for  the  reflected  wave  pattern 
along  a  perforated  wall  having  a  thick  boundary  layer.  A  test  configuration 
similar  to  that  of  Fig.  8.13  with  the  suction  adjusted  to  pc  =  pa^x,  assumed. 
The  measured  boundary  layer  profile  was  represented  by  a  simple  step 
function.  With  this  simplification,  the  wall  boundary  layer  was  represented 
by  a  layer  of  uniform  flow  at  a  Mach  number  of  1.2;  outside  this  layer  the 
undisturbed  Mach  number  1.7  existed  (Fig.  8.18a). 

It  was  further  assumed  that  the  wall  characteristics  could  be  defined  by 
the  following  relationship: 

-JL.  .  4^) 

{\pV^)u}  \Vx)  w 


where 

\p  =  pressure  drop  in  flow  through  wall 
^  =  dynamic  pressure 
ly'vz  =  flow  inclination  angle. 
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The  subscript  “a;”  indicates  that  the  flow  parameters  were  measured  in  the 
immediate  vicinity  of  the  wall.  The  constant  K  was  selected  in  such  a  way 
that  complete  cancellation  of  the  shock  reflection  would  occur  in  the  case 
of  “zero”  boundary  layer  thickness  near  the  wall. 

With  the  above  assumptions  it  was  possible  to  determine  the  wave  pattern 
using  the  method  of  characteristics.  To  establish  equilibrium  between  the 
pressures  in  the  boundary  layer  and  the  plenum  chamber,  it  was  necessary 
to  increase  the  cross-flow'  velocity  Vyw  locally  in  order  to  compensate  for  the 
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Fig.  8.18a.  Wave  pattern  for  oblique  supersonic  flow  through  a  perforated  wall  with 
idealized  boundary  layer  at  M  =  1,70^^ 


Fig.  8.18b.  Calculated  and  experimental  pressure  distribution  for  shock  reflection  on  a 
perforated  wall  at  M  =  1,75M 
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reduced  mass  flow  density  {pv)tv  Only  after  the  boundary  layer  was  com¬ 
pletely  bled  off  did  the  final  state  of  pressure  equilibrium  exist  between 
boundary  layer  and  plenum  chamber.  The  pressure  distribution  obtained 
from  the  alK>ve  calculations  is  plotted  and  compared  with  experimental 
data  in  Fig.  8.18b.  Main  features  of  the  experimental  curve,  the  initial 
pronounced  pressure  drop  and  the  subsequent  recovery  to  the  correct 
pressure  level,  arc  properly  described  by  the  calculations. 

This  simplified  calculation  can  also  be  used  to  predict  the  decay  of  the 
wave  reflection  pattern  at  increasing  distances  from  the  wall.  Since  expan¬ 
sion  and  compression  waves  of  equal  intensity  have  a  tendency  to  cancel 
each  other,  the  expectation  is  that,  at  large  distances  from  the  perforated 
wall,  the  pressure  non-uniformities  will  level  off  and  finally  disappear 
completely.  As  Fig.  8.18b  shows,  the  decay  of  the  initial  pressure  disturb¬ 
ances  is  extremely  slow  for  the  selected  test  configuration.  It  is  conceivable 
that  an  important  parameter  for  the  rapid  progress  of  decay  is  the  initial 
thickness  of  the  Ix^undary  layer. 

The  alxwe  calculations  and  the  experimental  results  show  that  the 
boundary  layer  has  only  a  local  cfi'ect.  As  soon  as  it  is  bled  off  through  the 
wall,  the  final  balance  between  cross  flow  through  the  wall  and  the  pressure 
drop  is  established.  This  final  balance  is  independent  of  initial  boundary 
layer  thickness. 

Partial  Reflection  of  Shock  Waves  from  Perforated  Walls. — The  data  reported 
in  the  preceding  sections  were  further  analyzed  with  respect  to  the  partial 
reflection  which  remains  when  the  open-area  ratio  of  a  perforated  wall  is 
not  correctly  selected  for  reflection  cancellation.  Some  results  of  the  United 
Aircraft  cxp>criments  with  reflections  from  perforated  walls  having  different 
open-area  ratios  in  the  Mach  number  range  between  1.3  and  2.0  when  the 
boundary  layer  has  been  largely  removed  (Ref.  8)  are  presented  in  Fig. 
8.19.  This  figure  shows  that  by  changing  the  perforated  wall  open-area 


REFLECTED  PRESSURE  RISE 
INCIDENT  PRESSURE  RISE  ' 


Fig.  8.19.  Partial  shock  wave  reflection  on  perforated  walls  with  different  open-area 
ratios  at  M  ■»  L3  to  2,0.^ 
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ratio  from  completely  closed  to  completely  open,  the  shock- wave  reflection 
should  theoretically  change  from  a  complete  compression  wave  to  a  complete 
expansion  wave.  The  experimental  results  obtained  with  open-area  ratios  of 
10  and  50  per  cent  closely  approximate  the  theoretical  prediction  for  walls 
with  transverse  slots.  However,  somewhat  larger  open-area  ratios  are 
required  for  the  same  degree  of  reduction  in  the  intensity  of  the  reflection 
wave  than  arc  predicted.  For  example,  a  60  per  cent  oj>cn-area  ratio  was 
required  for  complete  reflection  cancellation  instead  of  the  50  f)er  cent 
open-area  ratio  wall  with  transverse  slots  predicted  by  theory. 

Some  results  of  the  WADG  experiments  arc  plotted  in  a  similar  manner 
(Fig.  8.20).  Shock  intensities  corresponding  to  3®  of  flow  turning  angle  at  a 
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Fio.  8.20.  Partial  shock  wave  reflection  on  perforated  walls  with  different  open^area 
ratios  at  M  ^  1,75  {experiments  of  WADC),^*^^ 


Mach  number  of  1.75  can  be  extrapolated  to  produce  reflection-free  condi¬ 
tions  for  an  open-area  ratio  of  approximately  50  per  cent  when  stabilized 
conditions  behind  the  primary  shock  wave  arc  considered. 

In  summary,  it  can  be  stated  that  perforated  walls  behave  basically  as 
theory  predicts  when  proper  measures  are  taken  to  reduce  the  boundary 
layer  thickness.  However,  because  of  the  presence  of  the  boundary  layer,  a 
local  disturbance  field  occurs  in  the  region  between  the  initial  impingement 
point  of  the  primary  shock  w'avc  and  the  region  w  here  conditions  are  finally 
stabilized. 
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5.  EXPERIMENTAL  RESULTS  FOR  TWO-DIMENSIONAL 
EXPAxNSION-WAVE  CANCELLATION 
According  to  theory  an  ideal  perforated  wall  should  be  capable  of  eliminating 
reflections  of  shock  waves  and  expansion  waves  since,  with  small  flow 
inclinations,  the  “pressure-drop  vs.  cross-flow”  characteristics  of  lx)th  the 
waves  and  the  wall  are  linear  and  can  be  matched  by  prop)er  geometry  of 
the  walls.  However,  in  real  flow'  it  is  difficult  to  obtain  linear  wall  charac¬ 
teristics  having  the  same  slope  for  outflow  and  inflow  through  the  w’all  due 
to  both  the  boundary'  layer  effect  and  the  inflow  of  low  energy  air  from  the 
plenum  chamber  into  the  test  section.  In  order  to  investigate  these  problems, 
some  experimental  studies  were  conducted  in  the  12  in.  transonic  model 
tunnel  of  the  AEDC.'®  It  was  found  from  these  tests  that  by  the  selection  of 
a  perforated  w^all  with  suitable  geometrv*  (converged  to  the  proper  angle), 
reflections  of  expansion  waves  can  be  eliminated  in  the  same  manner  as  can 
reflections  of  compression  waves. 

Some  examples  of  expansion  wave  cancellation  at  Mach  number  1.35  are 
shown  in  Fig.  8.21.  A  conventional  perforated  w'all  with  22  per  cent  open- 
area  ratio  acts  as  an  open  jet  boundary  when  the  w'alls  are  set  parallel, 
that  is,  when  the  boundary  layer  thickness  along  the  perforated  wall  is 
permitted  to  grow  to  large  values.  However,  if  the  l>oundary'  layer  is  thinned 
sufficiently  by  converging  the  w’alls  to  15'  and  30',  respectively,  the  expansion 
wave  reflections  on  these  same  walls  are  practically  eliminated. 

It  is  imjx)rtant  to  note  that  walls  which  were  too  open  for  expansion 
w'avc  reflection  at  the  parallel  w'all  setting  w'ere  too  closed  for  proper  com¬ 
pression  wave  cancellation.  At  the  wall  setting  which  gave  practically 
complete  cancellation  of  expansion  wave  reflections  (30*  convergence),  the 
reflection  of  a  compression  wave  w^as  very  pronounced.  It  must  be  con¬ 
cluded,  therefore,  that  a  conventional  perforated  wall  is  not  capable  of 
eliminating  reflections  of  both  expansion  and  compression  waves  unless  a 
change  is  made  in  the  geometry  of  the  wall. 

IVair  Reflfction  from  Differential- Resistance  Walls, — In  order  to  produce 
reflection  cancellation  of  both  expansion  and  compression  waves,  it  would 
be  necessary  to  provide  a  wall  which  would  produce  the  same  pressure  drop 
characteristic  for  outflow  and  inflow.  A  conventional  perforated  wall  with 
straight  lioles  does  not  possess  this  characteristic  but,  as  will  be  discussed  in 
more  detail  in  Chapter  9,  walls  with  inclined  holes  can  be  devised  which 
produce  an  equal  pressure  drop  through  the  wall  for  both  outflow  and 
inflow.  It  is  even  jxjssible  to  increase  the  inflow  pressure  drop  above  the 
values  for  outflow^. 

Walls  with  inclined  holes  were  tested  in  the  transonic  model  tunnel  of  the 
AEDC  in  order  to  explore  briefly  the  potentialities  of  such  walls  for  reflection 
cancellation  of  impinging  waves  of  both  types. Some  typical  results  arc 
shown  in  Fig.  8.22.  A  w'all  with  60®  inclined  holes  and  6  per  cent  open-area 
ratio  almost  eliminated  reflections  of  expansion  waves.  The  same  wall  with 
the  same  setting  also  essentially  reduced  the  reflection  of  compression  waves, 
though  it  was  somewhat  too  closed  for  complete  cancellation. 

To  obtain  complete  cancellation  of  both  expansion  and  compression  waves 
using  the  same  wall  geometry  and  setting,  the  differential-resistance  charac¬ 
ter  of  the  wall  must  still  be  somewhat  amplified. 
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When  results  obtained  with  the  conventional  wall  (see  Fig.  8.21)  and  for 
the  wall  with  inclined  holes  (sec  Fig.  8.22)  are  compared,  it  can  be  concluded 
that  the  “inclined-hole”  wall  is  superior  to  the  “conventional-hole”  wall  if 
simultaneous  cancellation  of  both  compression  and  expansion  weaves  must 
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Fig.  8.21.  Reflection  of  shock  and  expansion  waves  on  conventional  perforated  walls ^ 
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Fig.  8.22.  Reflection  of  shock  and  expansion  waves  on  perforated  wall  with  60^ 
inclined  holes  and  6 per  cent  open-area  ratio  at  M  ^  1.30,  Cp  =  (^  — 


be  accomplished.  In  transonic  wind  tunnel  testing  of  airplane  models  w'hcrc 
a  variety  of  different  compression  and  expansion  waves  usually  occur,  the 
w'all  with  inclined  holes  has  a  greater  p>otential  than  the  wall  with  conven¬ 
tional  straight-hole  perforations. 
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DERIVATIONS  OF  EQUATIONS  FOR 
PARTIALLY  OPEN  WALLS  IN  OBLIQUE 
SUPERSONIC  FLOW^i 


1.  WALL  WITH  LONGITUDINAL  SLOTS 


a.  Oblique  parallel  flow  crossing  a  wall  with  longitudinal  slots 

The  derivations  in  the  following  sections  are  carried  out  for  small  devia¬ 
tions  from  parallel  flow  with  all  deviation  terms  up  to  the  second  order 
included.  As  in  the  case  of  the  wall  with  transverse  slots,  the  pressure  at  the 
back  side  of  the  slotted  wall  is  assumed  to  be  adjusted  in  such  a  way  that  the 
same  mass  flow  per  unit  area  crosses  the  wall  and  any  plane  parallel  to  the 
wall  in  flow  area  (J)  (Fig.  8.23).  Then  with  the  distance  between  slot 
centers  being  d  and  the  open-area  ratio  being  /?,  the  recpjired  continuity 
equation  becomes 


The  change  of  the  stream  density  pVy  can  be  related  to  the  change  of  the 
velocity  by  means  of  the  general  energy  equation: 


=  Pitl 


where  C2  is  constant. 

Another  equation  is  obtained  from  momentum  considerations  which, 
because  of  the  lack  of  external  forces  in  the  .r-direction,  states  that  there  is 
no  change  of  the  velocity  components  in  the  x-direction: 


or  t'l  cos  cos  fls 

T  9 
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Hcncc ; 


and 


I’il  I'l 


- 1—  =  l_.Jd,2  +  ie32 


- =  + 

t’l 

When  the  previous  equations  are  combined ; 

pal’s  =  pii'i[l  —  (A/i2— l)(  —  .Jdi2  + 1^32)  + small  terms] 
and,  finally, 


03[1_(A/,2_1)(_J<,,2  +  |<^2)]  = 

R 


Fici.  8.23.  Flow  pattern  for  cross  flow  through  a  wall  with  longitudinal  slots 


Then,  when  the  terms  of  the  third  order  are  neglected : 


The  pressure  change  can  also  be  calculated  from  the  velocity  change  by 
means  of  the  basic  energy  equation : 


with  C3  l>eing  a  constant. 
Hence : 


h-pi 


=  (  +  61^-63^)  + Csi-iei^  +  hOsT-  =  Sr-Oa-  =  Oi^ 
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Unlike  the  case  of  the  wall  with  transverse  slots,  the  pressure  drop 
through  the  wall  is  represented  by  a  quadratic  function  of  the  cross-flow 
angle  B. 


b,  Shock-wave  cancellation 

A  shock  wave  produces  a  pressure  change  according  to  the  relationship: 


P\-P<^ 


(Mx.2-1)* 


The  correct  wall  opening  ratio  R  for  complete  wave  cancellation  can  be 
determined  again  from  the  condition  that  the  pressure  on  the  back  side  of 
the  slotted  wall  pz  is  equal  to  the  pressure  of  the  undisturbed  parallel 
flow: 


p\-p^  ^  -  0 

<71 

and,  after  introducing  several  previous  equations, 


- ei+c^Bi^^sMi - 1=0 


1  2  1  2  1 

- 1  = - -hQ- - 

(A/od^-I)*^!  (A/qo2-1)*  ^1 

Then  for  small  values  of  0i  the  correct  wall  open-area  ratio  /?,  becomes: 

R2  =  J(A/^2.  1)1(9, 


c.  Momentum  considerations 

The  preceding  calculations  are  based  on  the  fact  that  the  velocity  compo¬ 
nents  in  the  .t-dircction,  v\^  and  are  equal  in  flow  regions  (J),  (2),  and 
(J)  (Fig.  8.23).  This  can  be  readily  seen  by  consideration  of  the  momentum 
terms  for  the  flow  region  Pu  Pt^  Pz^  and  Pa^  which  is  bounded  by  two 
streamlines.  Supersonic  waves  occur  only  in  the  region  immediately  down¬ 
stream  of  the  impinging  primary  shock  wave.  Further  downstream  the 
system  is  wave-free  because  of  the  subsonic  character  of  the  flow  perpen¬ 
dicular  to  the  wall.  In  the  wave  region  the  pressure  terms  in  the  momentum 
equation  are  cancelled  due  to  symmetry  of  the  flow.  In  the  region  behind 
the  wave  system,  flow  inclination  ^2,  as  well  as  flow  velocity  and  pressure 
p2y  arc  equal  to  the  corresponding  values  in  flow  region  (J).  These  equalities 
follow  from  the  requirement  for  constant  unit  cross  flow  through  any  plane 
parallel  to  the  wall  in  regions  (J)  and  (2)  and  the  assumption  of  iscntropic 
flow.  Consequently  the  pressure  terms  in  the  momentum  equation  are 
cancelled  completely  along  the  streamlines  from  P\  to  P3  and  from  Pz  to 
Pa.  Hence,  also,  the  horizontal  velocity  components  must  be  equal. 
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2.  WALL  WITH  TRANSVERSE  SLOTS 

a.  Oblique  parallel  flow  crossing  a  wall  with  transverse  slots 

The  pressure  on  the  back  side  of  the  wall  (flow  area  (^)  is  assumed 
to  be  adjusted  in  such  a  way  that  the  same  mass  flow  per  unit  area  crosses 
the  wall  at  any  plane  parallel  to  the  wall  in  flow  area  (1)  (Fig.  8.24).  Then 
from  continuity  considerations 

h\{p\i^)  =  h^ipzvz) 


REGION  ©  region  ® 


Fig.  8.24.  Flow  pattern  for  cross  flow  through  a  wall  with  transversal  slots, 


If  entropy  changes  are  neglected,  as  is  permissible  in  linear  theory,  then  the 
well-known  supersonic  wave  relationship  exists: 

P3  t'3  =  pi  — (^V/i2— 

Hence: 

^1  =  A3[l-(A/l2-l)i(^-^0] 

With 


and 


=  (/  sin  $i  21  d6\ 


hz  =  s  sin  ^3  ~  =  RdB^ 

the  following  equation  is  obtained : 

By  solving  this  equation  for  (^3  —  ^1)  and  developing  in  a  series, 


^  — = 

or  bv  further  linearization: 


l-0i(A/i2-l)» 


di 


Oi 
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In  linearized  supersonic  flow  with  waves  of  one  kind  only,  the  following 
relationship  Ijetween  pressure  changes  and  flow  direction  changes  exists; 


2 


-2 


(A/l2-l)‘ 

This  equation  is  applied  to  the  flow  regions  (J)  and  (J) 
pz—p\  _  —2  /I 


2  /  1  \ 

- 1 - 1 1^1  =  hOi 

-1)‘\«  / 


b.  Shock-wave  cancellation 

If  it  is  assumed  that  the  oblique  parallel  flow  discussed  alxive  is  produced 
by  a  shock  wave  in  the  original  parallel  flow  at  the  Mach  number  AI  (see 
Fig.  8.24),  the  pressure  change  through  this  shock  wave  is; 

/>!-/>»  ^  _ 2 _ ^ 

91  (A/i2-l)<  ‘ 

The  correct  wall  opening  ratio  R  can  now  be  determined  from  the  condition 
that  the  pressure  on  the  back  side  of  the  slotted  wall  pz  is  equal  to  the  pressure 
p^  of  the  undisturbed  flow; 

Pi-poa  ^  h-pi  _  h-p'K  _ 

91  9i  91 

or,  after  introducing  several  preceding  equations; 

2  2  /  1  \ 

- 01 - 1 - 1  |tfj  =  0 

(A/i2-l)t  (A/i2-l)*'/?  / 

from  which 


R  =  i 


r.  Momentum  considerations 

It  is  to  be  noted  that,  contrary  to  the  case  of  a  Ionj;(itudinally  slotted 
wall,  the  velocity  comp)onents  parallel  to  the  initial  undisturbed  flow  are 
not  equal  for  flow  regions  (J)  and  (J)  (see  Fig.  8.24).  The  momentum  equa¬ 
tion  may  be  applied  to  the  area  l)ounded  by  the  two  streamlines  shown  in 
Fig.  8.25  and  the  oblique  lines  P\P2  and  P^Pa*  Since  the  pressures  in  each  of* 
the  areas  a-a^  h-b,  r-r,  etc.,  are  constant,  the  pressure  term  in  the  momentum 
equation  is: 

P2)  sina]/>i-[(/^3A)  sin3t]/>3  =  Ci{pi-ps) 
with  Cl  being  a  constant  for  a  given  Mach  number. 

The  complete  momentum  equation  is  then: 

ma{vi^-V3^)-Ci{p3-pi)  =  0 
where;  nta  =  hipivi 
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Cl 

(i'3,-  =  —{p\-p3) 

nia 

For  a  shock-wave  reflection  the  pressure  pi  is  larger  than  the  pressure 
as  a  result  the  velocity  component  ^3^  in  the  region  at  the  back  of  the  wall 
is  larger  than  the  velocity  component  vi,  in  region  (J)  of  the  oblique  parallel 
flow  behind  the  initial  shock. 


Fig.  8.25.  Streamline  and  wave  pattern  for  cross  flow  through  a  wall  with 
transversal  slots 


d,  Parlial  reflection 

The  following  equations  were  obtained  previously  for  the  pressure  drop 
through  the  wall  (Sections  2a  and  b  of  this  Appendix  and  Fig.  8.24). 


No  Reflections 


with 


p\—p3  ^p»h 


=  he9i 


a;  = 


(A/2-l)‘ 

Partial  Reflection  with  pressure  rise  Spr,  and  flow  direction  change  Atf: 
{p\  Spr)  —  pZ  +  A/v 

7x 


9* 


=  (A-c+AA')(<?-A<?) 


with : 


^  /  1  \ 

Ae+AA-  = - ( - I 


(.VP-l)* 

By  dividing  these  two  equations  and  after  several  transformations 
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From  these  linearized  shock-wave  equations,  the  following  relationship 
can  be  deriv^ed: 


\pr 


^p8h  B 

By  combination  of  the  two  equations  for  \pr:^pHk^ 


^Pr  _  AA7AV 
2  4-  a  a  /  A  f 

and,  after  introducing  the  values  for  AV  and  (AV+AA") ; 


Spr 

^P»h 


1-2/? 
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CHAPTER  9 


SUPERSONIC  WALL  INTERFERENCE  IN 
PARTIALLY  OPEN  TEST  SECTIONS  FOR 
MODELS  OF  ROTATIONAL  SYMMETRY 
AND  COMPARISON  WITH  TWO- 
DIMENSIONAL  WALL  INTERFERENCE 

It  lias  been  demonstrated  in  the  preceding  chapters  that,  in  the  case  of  two- 
dimensional  waves,  test-section  walls  can  be  developed  which  satisfactorily 
eliminate  reflections  (see  Chapter  8).  However,  it  can  be  shown  theoretically' 
that  a  perforated  wall  with  constant  geometry  is  not  capable  of  completely 
eliminating  wave  reflections  over  the  entire  model  region  in  the  case  o 
three-dimensional  wave  fields.  The  physical  reasons  for  the  diflerence  in  the 
behavior  of  two-dimensional  and  three-dimensional  shock  reflections  will 
be  discussed  in  the  following  sections. 

1.  BOUNDARY  CONDITIONS  ALONG  WIND  TUNNEL  WALLS: 
TW’0-DIME.\SIO.\AL  AND  THRKE-DI MKNSIO.VAL  MODELS 
fl.  Two-dimensional  u  edge-flat-plate  model 

To  obtain  insight  into  the  order  of  magnitude  of  flow  inclinations  and 
pressure  disturbances  along  wind  tunnel  walls,  the  flow  disturbance  of 
typical  simple  two-dimensional  models  in  supersonic  flow  at  A/  =  1.5  was 
calculated.  The  model  sizes  were  selected  to  give  test-section  blockage  ratios 
of  2,  4,  and  6  per  cent  (see  Refs.  1  and  2).  Figure  9.1  shows  that  with  these 
simple  wedge-flai-plate  models  the  pressure  rise  is  concentrated  in  the 
initial  shock  wave.  Behind  the  initial  wave,  the  pressure  is  gradually  reduced 
by  means  of  expansion  waves  originating  at  the  shoulder  of  the  mtKlels. 

b.  Three-dimensional  cone-cylinder  model 

:\  schematic  showing  the  compression  and  expansion  wave  pattern 
around  cone-cylinder  models  in  free  flight  is  presented  in  Fig.  9.2.  In 
contrast  to  the  wave  field  for  a  two-dimensional  wedge-flat-plate  b<xly,  this 
wave  system  consists  not  only  of  an  initial  shock  and  a  following  system  of 
expansion  waves  initiated  at  the  shoulder  of  the  body;  in  addition,  a  second¬ 
ary  wave  system  covering  the  entire  three-dimensional  flow  field  is  produced 
to  satisfy  the  continuity  requirements  for  wave  fronts  proceeding  in  a  three- 
dimensional  flow  field.  The  pressure  distribution  calculated  along  a  plane 
which  would  correspond  to  the  ideal  wind  tunnel  wall  for  a  2  per  cent 
blockage  model  would  then  have  only  a  small  portion  of  the  compression 
occurring  in  the  initial  conical  shock  (point  A  in  Fig.  9.2).  The  major 
portion  of  the  compression  would  occur  in  the  system  of  secondary  compres¬ 
sion  waves  downstream  of  this  initial  shock.  Compression  along  the  ideal 
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tunnel  wall  is  then  abruptly  interrupted  because  the  expansion  wave  system 
causes  the  pressure  to  drop  rapidly  to  values  below  the  pressure  level  of  the 
undisturl^cd  flow  (region  B-C).  Behind  this  expansion  wave  system,  the 
pressure  gradually  returns  to  the  level  of  the  undisturbed  pressure. 

The  relationship  between  pressure  disturbance  ^p  g^o  and  flow  inclination 
0  is  presented  in  Fig.  9.3.  The  magnitude  of  the  wall  disturbances  is  seen 
to  be  considerably  greater  with  two-dimensional  than  with  three-dimensional 
models.  In  the  two-dimensional  case,  the  6  per  cent  blockage  model  reaches 


Fio.  9.1.  Calculated  pressure  distributions  along  the  test-section  wall  for  ** wedge-flat- 
plate''  models  in  supersonic  flow*^ 
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a  maximum  flow  inclination  of  approximately  9®  at  the  wall;  a  three- 
dimensional  model  with  the  same  blockage  ratio  reaches  a  maximum  of 
only  3®.  The  graph  also  indicates  that,  with  the  two-dimensional  model,  a 
wall  having  linear  characteristics  matches  the  model  disturbance  charac¬ 
teristics  very  well;  therefore  only  small  wall-interference  effects  should  be 
expected. 


WEDGE-SECTION 

(2-DIMENSIONAL) 


CONE-CYLINDER 
(3- DIMENSIONAL) 


Fig.  9.3.  Comparison  between  flow  disturbance  along  the  test-section  wall  at  M  =  1,5 
for  two-dimensional  and  three-dimensional  models  in  supersonic  flow,^ 


For  cone-cylinder  models,  the  characteristic  curve  ^pfq  =  that  is, 

pressure  disturbance  as  function  of  flow  inclination,  can  no  longer  be 
represented  by  a  straight  line  as  is  approximately  true  in  the  two-dimensional 
case  (linear  theor\').  Some  noteworthy  features  of  the  characteristic  curve 
are  as  follows  (see  Fig.  9.4) : 

1.  The  compression  waves  upstream  of  the  expansion  wave  system 
(region  A-B)  increase  the  pressure  and  the  flow  inclination  angle  so 
that  the  flow  angles  at  a  given  pressure  rise  arc  considerably  larger 
than  predicted  by  the  Prandtl-Meycr  curve. 

2.  In  the  expansion  wave  region  (region  B-C)j  the  pressure  drops  rapidly 
below  the  value  of  the  undisturbed  pressure.  .\t  the  |X)int  at  which 
the  pressure  reaches  the  undisturbed  value,  that  is,  at  i^p  q  =  0,  the 
flow  still  has  an  inclination  of  0.7®  in  a  direction  away  from  the  body. 
At  zero  flow  inclination,  dtp  =  0  (flow  parallel  to  the  cone-cylinder  axis), 
the  disturbance  pressure  is  negative,  that  is,  the  local  pressure  is  smaller 
than  the  static  pressure  of  the  undisturbed  flow.  As  the  flow  progresses 
downstream  into  the  negative  pressure  region,  it  attains  flow  inclina¬ 
tions  directed  toward  the  body  (inflow)  and  reaches  absolute  magni¬ 
tudes  only  slightly  smaller  than  those  in  the  outflow  region  (point  C). 
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3.  In  the  inflow  region,  particularly  in  the  region  C-0,  the  pressure 
deviates  even  more  from  linear  characteristics  since  considerably 
lower  static  pressures  occur  than  arc  predicted  by  linear  theory. 

It  is  obvious  in  the  case  of  the  three-dimensional  wave  system  under 
consideration  that  boundary  conditions  for  an  ideal  disturbance-free  tunnel 
wall  cannot  be  obtained  w'ith  a  p>erforated  wall  having  linear  characteristics 


Fio.  9.4.  Theoretical  disturbance  distribution  and  wave  system  of  cone^ylinder  model 
with  2  per  cent  blockage  at  M  =«  1.20,^ 


c.  Models  equipped  with  various  contours 

The  most  remarkable  feature  in  testing  a  cone-cylinder  model  in  a 
partially  open  test  section,  and,  as  will  be  shown  later,  the  main  source 
of  interference,  is  associated  with  the  concentrated  expansion  wave  system 
initiated  at  the  shoulder  of  the  model.  If  the  sharp-edged  shoulder  of  the 
cone-cylinder  model  is  rounded  off,  however,  these  expansion  waves  are 
distributed  over  a  larger  area,  and  consequently  the  matching  problem  can 
be  expected  to  be  less  severe.  To  determine  the  degree  of  improvement 
which  might  be  anticipated,  the  flow  field  around  a  cone-cylinder  model 
having  a  rounded  shoulder  and  that  around  a  sm(K>thly-curved  model,  the 
NACA  RM-10  model,  were  calculated  theoretically  to  determine  the  flow 
disturbance  characteristics  produced  along  an  ideal  wind  tunnel  wall.  The 
results  of  these  calculations' are  presented  in  Fig.  9.5. 

The  rounding  of  the  shoulder  of  the  cone-cylinder  model  was  assumed  to 
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extend  over  a  region  equal  to  approximately  one-third  of  the  cone  length. 
F.ven  this  relatively  slight  rounding  of  the  shoulder  resulted  in  a  considerable 
reduction  of  the  flow  disturbances  (lx)th  pressure  and  flow  inclination)  at 
the  plane  of  the  wall.  In  particular,  the  magnitude  of  the  maximum  inflow 
angle  was  reduced  to  nearly^  one-third  that  of  the  corresponding  cone 
cylinder.  However,  the  maximum  outflow  angle  was  reduced  only  slightly. 


% 


Fio.  9.5.  Theoretical  disturbance  distribution  along  the  test-section  wall  for  different 
bodies  of  revolution  with  2  f)er  cent  blockage  at  M  L20^ 


'Fhc  disturbance  characteristics  of  this  cone-ogive  model  are  thus  much 
closer  to  the  characteristic  cross  flow  of  a  test-section  wall  having  linear 
characteristics  than  arc  those  of  the  cone-cylinder  model.  In  the  extreme 
case  of  the  continuously-curved  NACA  RM-10,  the  mismatch  between 
model  disturbances  and  linear  wall  characteristics  was  reduced  even  further. 

2.  MODEL  DISTURBANCES  COMPARED  WITH  CROSS-FLOW 
CHARACTERISTICS  OF  PERFORATED  TEST  SECTIONS 
(CONVENTIONAL  AND  DI  FFERENTI AL-RESISTANCE  TYPE) 
a.  Two-dimensional  wedge-flat-plate  model 

Wind  tunnel  models  produce  distinct  types  of  disturbances,  both  in  the 
local  flow  direction  and  in  the  local  static  pressure  along  the  wind  tunnel 
walls.  If  the  walls  are  properly  designed,  tliey  can  support  this  difference 
between  the  pressures  along  the  inside  and  outside  of  the  test  section  pro¬ 
duced  by  the  local  oblique  directional  flow  calculated  previously  (see 
Figs.  9.1  and  9.2).  To  a  first  approximation  it  may  be  assumed  that  at  each 
point  along  the  wall  only  the  local  conditions,  not  the  influence  of  the 
adjacent  areas  upstream  or  downstream,  need  l>e  considered.  With  the  two- 
dimensional  wedge-flat-plate  model  these  local  conditions  can  be  readily 
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supported  by  a  partially  open  wall  having  linear  characteristics  (sec  Fig. 
9.3).  It  should  be  noted  that  for  a  given  model  the  local  pressure  disturbance 
is  related  to  the  local  directional  flow  disturbance  by  a  linear  function. 
Consequently,  not  only  can  the  condition  for  one  particular  point,  that  is, 
one  value  of  pressure  disturbance  associated  with  one  value  of  flow  inclina¬ 
tion,  be  satisfied,  but  a  whole  series  of  such  conditions  can  be  met,  as  is 
necessary  for  interference-free  testing  of  a  model  at  any  given  value  of* 
model  setting  and  Mach  number. 

As  shown  in  more  detail  in  Chapter  8,  a  perforated  wall  with  an  open-area 
ratio  of  approximately  50  per  cent  will  satisfy  to  a  first  approximation  the 
requirements  for  intcrfcrencc-frcc  testing  of  a  wedgc-flat-plate  model  or 
any  other  two-dimensional  model  in  supersonic  non-viscous  flow. 


b.  Cone-cylinder  models 

When  the  disturbance  characteristics  of  a  cone-cylinder  model  in  super¬ 
sonic  flow  (see  Fig.  9.3)  are  considered,  it  is  immediately  apparent  that  no 
wall  having  a  definite  relationship  between  cross  flow  and  pressure  drop 
can  match  the  requirements  of  the  model-produced  disturbances.  Therefore, 
in  principle  it  is  not  possible  to  design  a  partially  open  wall  having  fixed 
geometry  which  will  be  capable  of  matching  locally  the  “cross  flow-pressure 
drop”  characteristic  of  cone-cylinder  models.  At  best  it  may  be  hoped  that 
a  suitable  compromise  can  be  accomplished  which  will  satisfactorily  reduce 
the  wave  reflections  from  the  wind  tunnel  walls. 

It  appears  possible  that  in  the  compression  region  (region  A-B  of  Fig. 
9.4)  the  correct  boundary  conditions  can  be  approximated  by  a  wall  which 
has  linear  pressure-drop  characteristics  similar  to  those  of  a  perforated  wall. 
In  the  expansion  region,  however,  such  a  wall  is  not  capable  of  producing 
the  necessary  boundary  conditions  because  large  deviations  from  linearized 
flow  occur.  Moreover,  in  the  region  where  the  pressure  disturbance  is  zero, 
the  correct  lx>undary  condition  should  be  one  of  outflow  or  parallel  flow, 
depending  up)on  the  wall  station  under  consideration.  Such  opposite 
characteristics  arc  obviously  impossible  to  attain  with  a  perforated  wall 
of  constant  geometry'  since  the  flow  field  around  a  cone-cylinder  model  in 
a  conventional  perforated  test  section  would  l>c  distorted  because  inflow 
into  the  test  section  would  occur  in  the  region  where  outflow  is  required. 
The  result  would  be  strong  compression  disturbances  originating  in  this 
region. 

A  part  of  the  inflow  difficulties  described  alxjve  could  be  overcome  if  a 
wall  could  be  designed  which  resists  flow  into  the  test  section  more  than  it 
does  flow  out  of  the  test  section.  With  a  differential-resistance  wall  having  a 
characteristic  according  to  0-B  in  the  outflow  region  and  according  to 
0-C  in  the  inflow  region,  it  appears  p)ossiblc  to  achieve  simultaneous 
matching  of  the  outflow  and  inflow  over  large  areas  (Fig.  9.4).  Even  in 
such  a  case,  though,  some  mismatch  would  remain  in  the  expansion  wave 
region  (Fig.  9.4,  region  B-C)  because  even  a  differential-resistance  wall 
could  not  sup|X)rt  a  negative  pressure  in  the  test  section  while  the  flow  w'as 
proceeding  outward  against  a  higher  pressure  in  the  surrounding  plenum 
chamber. 
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1 1  should  be  realized,  however,  that  the  cone-cylinder  model  under 
consideration  pr<Kluccs  the  most  severe  matching  problem  possible  because 
of  the  concentrated  expansion  wave  region  which  originates  at  the  shoulder 
of  the  model. 


f.  Models  of  rotational  symmetry  having  various  contours 

'fhe  main  source  of  interference  in  the  testing  of  cone-cylinder  models  in 
perforated  test  sections  is  associated  with  the  concentrated  expansion  wave 
system  originating  at  the  shoulder  of  such  models.  It  can  therefore  be 
expected  that  models  with  rounded  shoulders  (the  cone-ogive-cylinder 
model  or,  even  more,  the  continuously-curved  NACA  RM-10  model)  will 
produce  disturbances  along  a  test-section  wall  which  can  be  more  closely 
matched  by  the  cross-flow  characteristics  of  a  typical  perforated  wall. 

When  the  characteristic  disturbance  curves  of  three  models  having 
diflbrent  contours  arc  compared  (Fig.  9.5),  it  becomes  plain  that  the  same 
wail  can  provide  an  adequate  matching  of  the  flow  in  the  compression  wave 
regions  if  the  wall  open-area  ratio  is  properly  selected.  In  the  expansion 
wave  regions,  and  particularly  in  the  inflow  regions  (that  is,  in  the  regions 
having  negative  values  of  ^,|,),  a  perforated  wall  with  linear  characteristics 
will  gradually  produce  less  mismatch  as  the  sharp  shoulder  of  the  cone- 
cylinder  model  is  rounded  into  the  cone-ogive  and  then  into  the  continuously- 
curved  XAC.\  model.  If  a  dificrential-resistance-type  wall  were  employed, 
the  matching  would  be  improved  still  more  since  one  wall  characteristic 
could  be  selected  for  the  compression  wave  regions  and  another  for  the 
expansion  wave  regions. 

'Fhis  latter  statement  is  not  entirely  true  for  the  RM-10  model  with 
continuous  curvature  because,  in  this  case,  the  improvement  in  matching  is 
restricted  to  the  upstream  portion  of  the  inflow  region.  In  the  downstream 
part  of  this  region,  the  matching  is  actually  l>ctter  with  a  conventional 
perforated  wall  having  equal  resistance  to  l)oth  outflow  and  inflow.  Fortu¬ 
nately  the  mismatch  downstream  is  not  very  critical  and  causes  no  inter¬ 
ference  on  the  model  since  shock  waves,  if  deflected  fi  om  the  wall  in  this 
region,  do  not  intersect  the  model  but  pass  behind  it  (see  reflection  limit 
indicated  in  Fig.  9.5).  As  a  result,  it  may  be  stated  that  even  for  the 
continuously-curved  RM-10  model  a  suitably  designed  differential-resistance 
wall  would  reduce  the  wall  interference  effect  as  compared  with  that  of  a 
conventional  perforated  wall. 

In  summary,  the  theoretical  investigation  of  bodies  of  revolution  having 
various  contours  shows  that  the  elimination  of  wave  reflections  from  wind 
tunnel  walls  with  linear  characteristics  becomes  particularly  diflicult  when 
a  system  of  concentrated  expansion  waves  exists,  as,  for  instance,  around 
three-dimensional  models  having  sharp  corners  or  small  radii  of  curvature, 
(h’adually  curved  contours  can  be  expected  to  produce  less  severe  wave 
reflection  problems.  In  the  case  of  the  three-dimensional  models  investigated, 
neither  conventional  nor  differential-resistancc-typc  perforated  walls  can 
provide  the  required  wall  characteristics  in  those  regions  where  outflow 
from  the  test  section  occurs  in  spite  of  the  fact  that  the  static  pressure  in 
he  test  section  is  lower  than  in  the  surrounding  plenum  chamber.  However, 
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in  these  cases,  the  replacement  of  the  conventional  wall  with  linear  charac¬ 
teristics  by  a  suitably  perforated  differential-resistance- type  wall  would 
considerably  improve  the  possibility  of  obtaining  interference-free  data 
from  wind  tunnel  tests. 


3.  MODEL  DISTURBANCE  CHARACTERISTICS  COMPARED  WITH 
THE  CROSS-FLOW  CHARACTERISTICS  OF  COMBINED 
SLOTTED-PERFORATED  TEST-SECTION  WALLS 


fl.  Comparison  of  perforated  and  slotted  walls  for  testing  of  three-dimensional  models 


Perforated  Walls, — It  was  shown  in  the  preceding  section  that  in  testing 
three-dimensional  models  a  perforated  wall  of  either  the  conventional  or 
the  differential-resistance  type  cannot  adequately  match  the  disturbance 
characteristics  of  the  model  in  those  regions  along  the  wall  where  the  test- 
section  pressure  is  lower  than  the  plenum  chamber  pressure,  l)ut  the  flow 
is  directed  outward  into  the  plenum  chamber.  This  can  be  readily  recog¬ 
nized  when  the  boundary  condition  for  p)crforated  walls  is  considered  (see 
C^hapter  5) : 

K^Vn  =  0 

or: 


\pjq  =  KBy; 


where  \p  =  difference  between  local  static  pressure  in  test-section  and 
plenum  chamber  pressure 
q  =  dynamic  pressure  of  test-section  flow 
K  =  characteristic  wall  constant 
By;  =  local  flow  direction  at  wall. 

The  above  equation  states  that  in  regions  having  a  negative  local  static 
pressure  difference,  that  is,  when  the  pressure  in  the  test  section  is  lower 
than  the  plenum  chamber  pressure,  the  test-section  flow  must  be  directed 
from  the  plenum  chamber  into  the  test  section  in  order  to  produce  a  pressure 
difference  having  the  proper  sign.  In  the  case  of  the  interference-free  models, 
however,  the  model  disturbance  characteristics  are  exactly  the  reverse  of 
the  basic  characteristics  of  a  perforated  wall.  This  deficiency  occurs  not 
only  in  supersonic  flow  where  it  is  generally  restricted  to  relatively  small 
regions  of  mismatch;  in  subsonic  flow  the  discrepancies  extend  widely  since 
the  subsonic  flow  upstream  of  the  maximum  mcKlel  thickness  must  be  directed 
outward  from  (and  behind  the  maximum  thickness  inward  into)  the  wind 
tunnel.  Consequently  the  perforated  wall  causes  basic  distortions  in  the 
flow  pattern  in  subsonic  flow,  as  shown  for  instance,  in  Ref.  3  and  as  discussed 
in  detail  in  Chapter  5.  This  characteristic  is  known  to  be  a  basic  disad¬ 
vantage  of  perforated  wind  tunnel  walls  in  subsonic  testing.  However,  due 
to  the  fact  that  the  distortion  in  subsonic  flow  is  usually  small,  perforated 
wind  tunnel  walls  have  been  used  satisfactorily  in  subsonic  tunnels,  particu¬ 
larly  in  tests  of  complete  airplane  models. 


Longitudinally  Slotted  Walls, — The  boundary  conditions  occurring  with 
longitudinally  slotted  walls  are  basically  different  from  those  occurring  with 
the  perforated  wall.  In  addition  to  the  pressure  change  caused  by  the 
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cross-flow  velocity  component  through  the  slotted  wall  (see  Chapter  11),  an 
additional  pressure  difTerence  occurs  which  is  dependent  upon  the  curvature 
of  the  flow  approaching  the  slotted  wall.  The  additional  term  for  this  pressure 
change  can  be  expressed  in  the  following  form  when  only  linear  terms  are 
considered  (see  Chapter  5) : 

2  /  Rtt  \ 

^plq  =  -  logi 

where  R  =  open-area  ratio  of  wall 
=  flow  curvature 

h  =  distances  between  slot  centers. 

'riiis  equation  presents  the  only  pressure-drop  term  within  the  validity  of 
the  linearized  theory  for  non-viscous  flow  in  the  vicinity  of  a  slotted  wall.  It 
may  be  applied  to  lK)th  subsonic  and  supersonic  flow  using  the  same  assump¬ 
tions  since  the  theory  for  longitudinal  slots  can  be  handled  much  like  that 
for  slender  bodies  at  small  angles  of  attack.'* 

The  additional  pressure  difference  due  to  flow  curvature  near  the  slotted 
wall  is  caused  by  centrifugal  forces  which  are  magnified  by  the  slot  effect  in 
the  manner  discussed  in  detail  in  Chapter  5.  The  significance  of  the  curvature 
effect  upon  the  pressure-drop  characteristics  of  a  wall  arises  from  the  fact 
that,  with  sufficiently  large  curvature,  this  effect  may  become  predominant. 
When  such  is  the  case,  a  longitudinally  slotted  wall  can  support  cross  flow 
in  a  direction  opjxisite  to  that  indicated  by  the  difference  between  the 
test-section  and  the  plenum  chamber  pressure.  Since  a  wall  with  these 
characteristics  is  required  for  the  cancellation  of  expansion  waves  emanating 
from  the  shoulders  of  a  Ixidy  of  revolution  such  as  a  cone-cylinder  model, 
the  slotted  wall  offers  some  significant  advantages. 

The  additional  pressure  build-up  occurring  in  curved  flow  approaching 
a  slotted  wall  is  directly  proportional  to  the  distance  between  slot  centers 
when  the  open-area  ratio  is  kept  constant.  Thus  to  maintain  the  desired 
constant  value  of  build-up  when  a  larger  number  of  slots  is  used,  it  is  neces¬ 
sary  to  reduce  the  of)en-area  ratio  of  the  wall  at  the  same  rate  that  the 
distance  between  slot  centerlines  is  reduced. 


Ij>n^itudinaHy  Slotted  \S"alls  with  Protruding  Slats, — Another  interesting 
slotted  test-section  configuration  has  been  studied  theoretically.  In  this 
configuration  the  solid  wall  pK)rtions  (slats)  protrude  into  the  test  section, 
and  the  slots  arc  equipped  with  solid  or  perforated  sidewalls  which  guide 
the  flow.  The  centrifugal  pressure  gradients  arc  amplified  even  more  than 
in  a  simple  slotted  test  section,  and  the  total  pressure  build-up  due  to  flow 
curvature  is  increased: 


\plq 


where  /  =  height  of  slot  walls. 

Since  the  pressure  build-up  across  a  wall  of  this  type  is  increased  by 
increasing  the  slat  height,  the  slots  in  such  a  wall  can  be  made  wider  without 
changing  their  effectiveness. 


*3 
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It  might  also  be  noted  that  improved  pressure  build-up  may  be  accom¬ 
plished  by  a  configuration  in  which  the  lateral  guides  of  the  slots  are  made 
to  protrude  into  the  flow.  Because  such  guides  can  be  made  adjustable  and 
possibly  controllable,  it  appeal's  possible  to  develop  a  wall  with  character¬ 
istics  that  can  l>e  easily  varied  to  conform  to  the  lx)undary  conditions 
existing  along  a  given  wall. 

The  choice  of  the  wall  configuration  for  efifcctivc  shock  cancellation  in  a 
transonic  wind  tunnel  involves  a  compromise  between  the  pressure  disturb¬ 
ance  conditions  of  the  model  and  those  of  the  wall.  The  additional  parameter 
provided  by  the  slot  height  in  the  case  of  longitudinally  slotted  walls  streng¬ 
thens  the  pKissibility  of  obtaining  a  satisfactory  compromise  and  makes  this 
configuration  quite  attractive;  the  conventional  typ>e  of  slotted  walls  pre¬ 
viously  discussed  does  not  possess  this  flexibility. 

As  shown  in  the  preceding  discussions,  a  slotted  w'all  can  support  outflow 
from  the  test  section,  even  when  the  pressure  inside  the  test  section  is  smaller 
than  the  pressure  in  the  plenum  chamber.  Therefore  a  perforated  test  section 
equipped  with  longitudinal  slots  can  be  expected  to  eliminate  some  of  the 
difficulties  occurring  with  lK)th  the  conventional  perforated  test-section  wall 
and  the  conventional  longitudinally  slotted  test-section  w^all. 

b.  Various  bodies  of  revolution  in  test  sections  equipped  with  the  combined  perforated- 
slotted-type  walls 

It  is  fM^ssible,  of  course,  to  produce  a  perforated-slot  ted  test  section 
which  combines  the  characteristics  of  lx)th  by  covering  the  openings  of  a 
slotted  test  section  with  perforated  cover  sheets.  To  determine  whether  or 
not  this  configuration  had  promise,  a  theoretical  investigation  was  made  of 
the  flow  around  several  three-dimensional  bodies  in  test  sections  of  the 
combined  type. 

For  this  study  the  flow  around  a  cone-cylinder  model  was  calculated  for 
a  plane  corresponding  to  the  tunnel  wall  (see  Fig.  9.4).  To  the  pressure 
occurring  in  free  flight  was  added  the  pressure  which  can  be  supported  by 
a  longitudinally  slotted  wall  in  curved  flow.  The  resulting  disturbance 
pressure  is  the  pressure  left  to  be  supp>orted  by  the  perforated  cover  plates. 
Since  perforated  walls  have  essentially  linear  characteristics,  a  satisfactory 
match  can  be  obtained  if  this  disturbance  pressure  is  also  linear. 

The  results  of  the  calculation  for  the  2  per  cent  blockage  cone-cylinder 
model  in  a  test  section  having  sixteen  longitudinal  slots  and  an  open-area 
ratio  of  36  per  cent  are  presented  in  Fig.  9.6.  According  to  the  equations 
given  in  Section  3a  of  this  chapter,  approximately  the  same  results  can  be 
obtained  with  walls  having  32  or  64  slots  and  open-area  ratios  of  18  and 
5  per  cent,  respectively.  For  the  purpK>se  of  these  calculations,  the  regions 
with  abrupt  changes  of  pressure  (see  Fig.  9.4,  points  and  C)  W'ere 

smoothed  out  over  a  distance  corresponding  to  the  distance  between  the 
wall  slots.  It  can  be  seen  that  the  slot  effect  considerably  reduces  the  pre¬ 
viously  noted  difficulty  with  resp>cct  to  the  suppK)rt  of  negative  pressures 
inside  the  tunnel  in  outflow'  regions.  Also  the  characteristics  of  the  remaining 
wall  pressure  disturbances  match  the  characteristics  of  an  ideal  perforated 
wall  fairly  well  over  the  entire  region  of  the  initial  compression  and  ex¬ 
pansion  waves.  In  the  region  behind  the  expansion  wave  system,  however, 
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significant  differences  between  the  desired  characteristics  and  those  of  a 
conventional  perforated  wall  still  remain.  These  remaining  differences  can 
be  reduced  considerably  by  means  ofproperly  matched  differential-resistance 
cover  plates  (see  Section  2c  of  this  (chapter). 

The  effect  of  the  slots  on  the  disturbance  flow  characteristics  of  the 
continuously-curved  XAC'A  RM-10  model  was  also  investigated  using  wall 
configurations  with  sixteen  and  eight  slots  and  an  open-area  ratio  of  5  per 
cent.  The  results,  presented  in  Fig.  9.7,  indicate  that  with  a  suitable  com- 


Fig.  9.6.  Flow  disturbance  along  the  walls  of  a  test  section  with  and  without  longitu¬ 
dinal  slots  for  a  cone-cylinder  model  with  2  per  cent  blockage  (20''  cone  angle) 
at  M  ^  L20.^ 


Fig.  9.7.  Flow  disturbance  along  the  wails  of  a  test  section  with  and  without  longitu¬ 
dinal  slots  for  MACA  RM-10  Model  with  2  per  cent  blockage  at  M  «  1.20A 


bination  of  perforated  and  slotted  walls  the  disturbance  pressure  along  the 
tunnel  wall  produced  by  this  model  can  be  satisfactorily  matched.  In  order 
to  make  the  matching  perfect  it  would  be  necessary  either  to  reduce  the  total 
open-area  ratio  to  1.5  per  cent  while  sixteen  slots  were  retained  or  to  keep 
the  open-area  ratio  of  5  per  cent  and  reduce  the  number  of  slots  to  eleven. 

In  summary,  the  theoretical  inv'cstigation  of  lx)dies  of  revolution  having 
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various  contours  shows  that  combined  pcrforated-slottcd  walls  ofTcr  promise 
for  the  testing  of  smoothly-curved  models.  However,  some  shock  reflection 
difficulties  remain  in  testing  models  which  produce  regions  of  strong  com¬ 
pression  waves  since  a  large  portion  of  the  test  section  must  be  solid. 

4.  WIND  TUNNEL  TEST  RESULTS  OBTAINED  FOR  CONE-CYLINDER 
MODELS  IN  VARIOUS  PARTIALLY  OPEN  TEST  SECTIONS 
AT  A  MACH  NUMBER  OF  1.20 
a.  Conventional  perforated  walls  with  different  open-area  ratios 

A  systematic  series  of  cone-cylinder  models  having  diftcrent  cone  angles 
and  blockage  ratios  was  investigated  over  the  Mach  number  range  between 
0.75  and  1.25  in  the  transonic  model  tunnel  of  the  AKDG  using  various 
perforated  test  sections.®  In  these  tests,  significant  wall  interaction  diffi¬ 
culties  were  observed  in  the  supersonic  speed  range  which  could  be  traced 
back  to  the  mismatch  between  the  w^all  characteristics  of  a  conventional 
perforated  w^all  and  the  characteristics  required  for  effective  cancellation  of 
compression  and  expansion  waves  emanating  from  the  model. 

Pressure  Distribution  at  Model  Surface. — Figure  9.8  presents  the  experimental 
pressure  distribution  for  a  2  per  cent  blockage  cone-cylinder  model  in  a 
perforated  test  section  having  a  12  per  cent  open  area.  Hole  diameter  and 


Fig.  9.8.  Pressure  distribution  along  surface  of  cone-cylinder  model  in  perforated  test 
sections  with  12  f)er  cent  open-area  ratio ,  0°  wail  settings  2  per  cent  blockage, 
at  M  -  1.20.^ 

wall  thickness  were  each  A  in.,  and  the  w^all  setting  was  parallel  to  the 
centerline  of  the  test  section.  It  can  be  seen  that  the  compression  waves 
originating  from  the  conical  flow  field  of  the  model  were  reflected  as  com¬ 
pression  waves.  Consideration  of  the  initial  and  the  reflected  wave  systems 
and  comparison  with  theory  (see  Sections  2  and  3  of  this  chapter)  indicate 
that  the  wall  with  12  per  cent  open  area  is  too  closed. 
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Perforated  lest  sections  having  22  and  33  per  cent  ofjen  areas  and  the 
same  hole  size,  wall  thickness,  and  parallel  wall  setting,  were  therefore 
investigated.  Figure  9.9  shows  that  the  22  jxrr  cent  open  wall  very  nearly 
eliminated  wave  reflections  in  the  compression  wave  region  {x  D  =  3.6- 
5.6) ;  the  33  per  cent  op)en  wall  was  definitely  too  open  since  the  compression 
waves  were  reflected  as  expansion  waves  in  tliis  region.  However,  further 
analysis  of  Fig.  9.9  indicates  that  in  the  case  of  the  22  and  33  per  cent  open 


Fio.  9.9.  Pressure  distribution  along  surface  of  cone-cylinder  tnodel  in  perforated  test 
section  with  different  open-area  ratios,  0^  wall  setting,  2  f>er  cent  blockage 
at  M  *  L20.^ 


walls,  a  much  more  serious  disturbance  region  occurs  behind  the  compres¬ 
sion  w'avc  region  of  the  model.  Reflection  waves  from  this  region  can  be 
expected  to  impinge  on  the  model  approximately  5.6  diameters  behind  the 
nose.  These  disturbances  can  be  traced  to  the  expansion  waves  originating 
from  the  shoulder  of  the  model  and  are  even  greater  in  magnitude  than  the 
disturbances  observed  in  the  compression  wave  region.  The  nature  of  these 
expansion  wave  disturbances  implies  that  the  walls  with  22  and  33  per  cent 
open  area  reflect  the  expansion  waves  as  compression  waves  or,  as  the 
magnitude  of  the  observed  compression  disturbances  indicates,  that  a  con¬ 
centrated  inflow  into  the  test  section  produces  a  flow  inclination  considerably 
larger  than  that  produced  by  interference-free  flow. 

The  test  results  obtained  with  a  cone-cylinder  model  in  perforated  test 
sections  having  different  open-area  ratios  at  a  parallel  wall  setting  show 
that  it  is  possible  to  select  a  wall  geometry  which  satisfies  the  condition  of 
no-reflection  in  the  compression  w^ave  region.  It  is  also  possible  to  select  a 
wall  geometry  which  cancels  the  expansion  wave  reflections.  However,  none 
of  the  conventional  perforated  walls  will  satisfy  the  no-reflection  requirement 
of  wind  tunnel  testing  in  l>oth  the  compression  and  expansion  regions. 

Basically  the  same  conclusion  results  from  the  experiments  with  perforated 
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walls  having  12  and  33  per  cent  open  areas  when  the  walls  are  diverged  to 
+  30*  and  +40*,  resp)ectively  (see  Fig.  9.10). 

It  must  be  concluded,  therefore,  that  conventional  perforated  walls  are 
not  capable  of  producing  satisfactory  reflection-free  data  with  the  selected 
cone-cylinder  model. 


Fig.  9.10.  Pressure  distribution  along  surface  of  cone-<y tinder  model  in  perforated  test 
section  with  different  open-area  ratios^  30'  and  40'  diverged  wall  settings  2  per  cent 
blockage^  at  M  L20A 

Survey  of  Reflected  Wave  System. — To  gain  specific  insight  into  the  origin  of 
the  observed  disturbances,  the  flow  field  was  surveyed  at  various  distances 
from  the  model;  in  this  way  the  disturbances  were  traced  to  their  origin. 
In  Fig.  9.11,  some  typical  survey  results  are  presented  for  the  case  of  a  2 
per  cent  blockage  cone-cylinder  model  in  a  perforated  test  section  having 
22  per  cent  op)en  walls.  The  initial  shock  wave  produced  only  a  slight 
disturbance  on  the  surface  of  the  model  (point  lb).  Furthermore,  it  can  be 
clearly  seen  that  the  entire  compression  wave  field  between  the  initial  shock 
wave  and  the  expansion  wave  system  from  the  shoulder  was  properly 
absorbed  by  the  walls  since  the  cxpierimental  and  theoretical  curv’es  coincide 
very  closely  in  this  region.  The  major  difficulty'  in  testing  a  cone-cylinder 
model  in  the  selected  perforated  test  section,  therefore,  did  not  arise  because 
of  unsatisfactory  absorption  of  the  compression  wave  system  but  l^ecause  of 
the  difficulty  of  eliminating  reflections  produced  by  a  strong  expansion  wave 
sv'stem  originating  at  the  shoulder  of  the  model. 

Difficulties  similar  to  those  described  in  the  preceding  section  also  occurred 
in  the  testing  of  a  smaller  ^  jjcr  cent  blockage  cone-cylinder  model  in  a 
33  per  cent  open  perforated  test  section  (see  Fig.  9.12).  Because  of  the  large 
open-area  ratio  of  the  wall,  the  compression  wave  system  was  reflected  as  an 
expansion  wave  system,  as  is  proved  by  the  pressure  distribution  between 
points  lb  and  2b  at  the  surface  of  the  model.  Also,  in  the  region  influenced 
by  reflections  of  the  expansion  wave,  that  is,  between  points  2b  and  3b, 
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very  significant  disturbances  cxrcurred  which  were  similar  to  reflections  from 
walls  that  are  too  open.  As  before,  these  disturbances  could  be  traced  back 
to  an  excessively  large  inflow  in  the  expansion  wave  region  along  the  tunnel 
wall. 

The  surveys  presented  above  are  typical  and  confirm  the  conclusions 
drawn  in  the  previous  section,  namely,  that  conventional  perforated  walls 
are  not  capable  of  simultaneously  eliminating  the  reflections  of  the  com¬ 
pression  waves  and  the  expansion  waves  produced  in  the  extreme  case  of  a 
three-dimensional  cone-cylinder  mcxlel. 


Fig.  9.11.  IVaz'^  system  and  fnessure  survey  results  for  a  cone-cylinder  model  with 
2  (ter  cent  blockage  in  comentional  (terforated  test  sections  with  22  per  cent  o(ten-area 

ratio  at  M  1,20.^ 


6.  Perforated  walls  of  the  differential-resistance  type 

Characteristics  of  a  Differential-Resistance  Wall. — The  guiding  idea  utilized 
for  the  development  of  a  differential -resistance  wall  is  as  follows.  It  is  obvious 
that  the  resistance  to  inflow  into  a  test  section  can  be  increased  if  the  flow 
can  be  directed  against  the  main  test-section  flow.  The  inflow  will  tlien 
have  to  overcome  at  least  a  part  of  the  dynamic  pressure  of  that  flow.  This 
end  can  be  obtained  rather  simply  with  a  sufficiently  thick  perforated  wall 
by  inclining  the  holes  obliquely  against  the  main  flow  direction  (see  Fig. 
9.13). 
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Fig.  9.12.  IVai^  system  and  pressure  survey  results  for  a  cone-cylinder  model  with 
^  per  cent  blockage  in  conventional  perforated  test  sections  with  33  per  cent  open-area 

ratio  at  M  —  L20.^ 


Fig.  9. 1 3,  Streamline  pattern  for  inflow  and  outflow  through  a  wall  with  inclined  holes, 
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Some  typical  test  results’*'  for  holes  inclined  at  angles  of  60°  are  shown  in 
Fig.  9.14  (Ref.  1),  When  such  a  wall  has  a  6  per  cent  open-area  ratio,  the 
outflow  region  matches  the  characteristics  of  a  conventional  wall  with 
22  per  cent  open  area,  and  the  resistance  of  the  inflow  into  the  test  section 
is  considerably  increased,  as  intended. 

Also,  in  the  case  of  a  given  partially  open  wall,  the  reference  point  for 
the  empty  test  section  can  be  shifted  along  the  characteristic  cross-flow 
curve  by  changing  the  wall  alignment  from  a  parallel  to  a  converged  or 
diverged  setting.  It  is  with  respect  to  this  reference  point  for  the  empty  test 
section  that  the  pressure  and  flow  direction  disturbances  produced  by  the 
mcxlels  must  be  related  (see  points  A  and  B  in  Figs.  9.14a  and  b).  The  choice 


Fig.  9.14.  Cross-flow  characteristics  of  conventional  perforated  and 
differential-resistance-type  walls  at  M  =  0.90 A 


of  reference  points  A  and  B  indicated  that  the  differential-resistance  wall 
should  be  set  at  0®;  the  conventional  wall  should  be  set  at  a  convergence 
angle  of  45*.  In  considering  the  model  disturbances,  therefore,  the  charac¬ 
teristics  of  these  two  walls  must  be  compared  on  the  basis  of  Fig.  9.14b  in 
which  the  two  reference  points  are  brought  into  coincidence. 

The  differential-resistance- type  wall  matches  much  more  closely  the 
characteristics  required  for  wave  cancellation  in  the  case  of  cone-cylinder 
models  in  both  compression  and  expansion  regions.  However,  even  such  a 
wall  cannot  completely  meet  the  theoretical  cross-flow  characteristics  of  a  # 
cone-cylinder  mcxlel  since  it  cannot  support  a  lower  pressure  in  the  test 
section  in  the  outflow  region. 

*  The  experimental  results  shown  in  Fig.  9.14  were  obtained  at  a  Mach  number 
of  0.90  instead  of  at  the  desired  Mach  number  of  1 .20.  At  the  time  of  this  test  series, 
the  AEDG  transonic  model  tunnel  was  not  equipped  to  obtain  the  necessary  data 
in  the  supersonic  speed  range. 
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Cotie-Cylinder  Model  Test  Results, — A  series  of  investigations  was  conducted 
to  verify  the  improved  testing  characteristics  of  differential-resistance-type 
wind  tunnel  walls  having  60^  inclined  holes  and  a  6  per  cent  nominal 
open-area  ratio.  Some  typical  results^ for  a  2  per  cent  blockage  cone- 
cylinder  model  obtained  in  the  AFIDC  transonic  w'ind  tunnel  with  this  new 
test  section  are  presented  in  Fig.  9.15.  The  experimental  test  data  follow  the 


Fio.  9.15.  Pressure  distribution  along  surface  of  cone-cylinder  model  in  perforated 
test  section  with  hole  axis  inclined  60^^  6  per  cent  open-area  ratio,  2 per  cent  blockage, 
and  0^  wall  setting,  at  A/  «  1.20.^ 


theoretical  curve  closely;  differences  are  no  greater  than  l-l^  per  cent  of 
the  total  pressure  and  may  be  explained  to  some  extent  by  the  non-uniformity 
of  the  empty  test-section  flow.  The  improvement  in  the  test  results  with  the 
differential-resistance-type  wall  becomes  obvious  when  the  results  arc 
compared  with  data  obtained  using  the  conventional  perforated  test  section 
(sec  Fig.  9.8).  Reflected  waves  are  considerably  reduced,  not  only  in  the 
compression  wave  region,  but  also  in  the  expansion  wave  region. 

Although  smoothly  curved  models  should  be  less  critical  than  cone- 
cylinder  contours,  further  investigation  is  needed  to  determine  whether  the 
same  good  results  obtained  with  the  new  type  wall  can  also  be  obtained  with 
models  which  do  not  have  the  extreme  shape  of  the  cone  cylinder. 


c.  Longitudinally  slotted  test  sections  with  and  without  perforated  cover  plates 

To  obtain  insight  into  the  wall  interference  characteristics  of  typical 
test  sections  having  longitudinal  slots,  some  test  results  obtained  with  the 
same  cone-cylinder  model  (20'^  cone  angle)  in  various  slotted  test  sections 
will  be  discussed  in  the  following  sections. 
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Conventional  Tests, — The  tests  were  conducted  at  the  AEDG  in  a  typical 
transonic  model  tunnel  test  section  having  sixteen  uncovered  longitudinal 
slots  and  1 1  per  cent  open  area.  Some  results  of  the  cone-cylinder  investi¬ 
gations^  with  this  test  section  are  presented  in  Fig.  9.16.  The  comparison  of 
the  experimental  pressure  distributions  along  the  surface  with  theoretical 
free-flight  distributions  indicates  that  the  agreement  between  experiment 
and  theory  is  even  poorer  than  in  the  case  of  the  corresponding  experiments 


Fig.  9.16.  Wave  systems  and  pressure  survey  results  for  a  cone-cylinder  model  with 
2  per  cent  blockage  in  a  longitudinally  slotted  test  section  {sixteen  slots  in  parallel  walls 
with  11  per  cent  open-area  ratio  at  M  ■■  1,20,^ 


made  using  conventional  perforated  test  sections.  It  is  particularly  note¬ 
worthy  that  a  large  discrepancy  between  experiment  and  theory  begins  at 
a  point  on  the  surface  of  the  cone  (point  lb)  which  is  considerably  ahead  of  the 
point  where  the  initial  conical  shock  would  be  expected  to  be  reflected  against  the 
surface  of  the  model. 

The  disturbance  wave  pattern  which  produced  these  discrepancies 
upstream  of  the  initial  conical  shock  shows  that  a  secondary  flow  occurred 
in  the  slots  (discussed  by  Allen  and  Spiegel  in  Ref.  6).  This  secondary  flow 
field  can  be  attributed  to  a  layer  of  subsonic  flow  close  to  the  walls  and  in 
the  slots.  Although  in  supersonic  flow  a  sudden  pressure  rise  may  result 
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from  impinging  shock  waves,  such  a  sudden  rise  is  not  possible  in  subsonic 
flow.  Instead,  particularly  in  the  subsonic  flow  region,  the  pressure  increase 
caused  by  impinging  shock  waves  is  propagated  upstream  in  the  flow. 
Consequently  a  new  boundary  is  established  for  the  supersonic  flow,  and  a 
secondary  wave  system  occurs  (see  Fig.  9.17).  Besides  the  disturbances 


Fig.  9,17.  Secondary  flow  field  and  wave  system  for  shock-wave  reflection  at  a  slotted 

wall.^^ 


produced^  directly  by  this  secondary  flow'  field,  very  strong  expansion  and 
compression  waves  occur  which  impinge  on  the  model  further  downstream 
(Fig.  9.16)  and  result  in  serious  deviations  from  the  theoretical  flow  field. 

It  can  be  concluded  that  a  conventional  longitudinally  slotted  test  section 
is  even  less  capable  of  producing  satisfactory'  interference-free  results  for  the 
selected  test  conditions  than  a  conventional  perforated  test  section. 


Slots  with  Perforated  Cover  Plates, — One  major  difficulty  in  testing  cone- 
cylinder  models  in  slotted  test  sections  was  found  to  be  connected  with  the 
fact  that  a  strong  interference  effect  of  the  walls  occurs  upstream  of  the  model- 
initiated  shock  waves.  To  find  a  remedy  for  this  difficulty,  further  tests  were 
carried  out  in  which  perforated  cover  sheets  (such  as  those  employed  in 
the  WADC  10  ft  wind  tunneP)  were  placed  over  the  longitudinal  slots. 
These  cover  plates  are  similar  in  principle  to  the  corrugated  slot  plates 
employed  in  the  test  by  Allen  and  Spiegel.®  Their  purpose  is  to  reduce 
the  secondary  flow  in  the  slots  and  to  thereby  prevent  the  upstream  propa¬ 
gation  of  disturbances.  Since  it  has  been  verified  that  perforated  walls 
reduce  the  axial  momentum  of  the  flow  on  the  outside  of  the  walls  to  a 
negligibly  small  magnitude,®  the  cover  plate  may  l>e  expected  to  opierate 
similarly. 
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Wind  tunnel  tests  of  the  2  per  cent  blockage  cone-cylindcr  model  were 
conducted  in  a  slotted  test  section  having  sixteen  longitudinal  slots  which 
were  covered  by  perforated  sheets  with  an  open  area  of  approximately 
33  per  cent.  Hole  diameter  and  thickness  of  the  perforated  sheets  were 
each  iV  in.  'Hie  area  ratio  of  the  slots  was  30  per  cent,  which,  with  the 
33  per  cent  open  cover  sheets,  produced  a  geometric  open-area  ratio  of  10 
per  cent.  This  open-area  ratio  is  approximately  equal  to  the  open-area  ratio 
of  the  conventional  slotted  wall  discussed  in  the  preceding  sections  (sec 
Fig.  9.16).  lypical  pressure  distributions  from  these  tests  are  presented  in 
Fig.  9.18.  Xo  serious  disturbance  due  to  secondary  slot  flow  can  be  detected. 
The  pressure  distribution  coincides  w'ell  with  the  theoretical  pressure  dis¬ 
tribution  upstream  of  the  point  where  the  initial  conical  shock  reflection 
strikes  the  model.  However,  the  test  results  indicate  that  in  the  compression 
wave  reflection  region,  .v  D  =  3.6-5.6,  the  selected  wind  tunnel  wall  is 
loo  closed;  the  compression  waves  produced  by  the  mcKlel  are  reflected  as 
compression  waves.  In  the  region  behind  the  expansion  wave  reflection, 
X  I)  >  6.5,  the  experimental  pressure  distribution  coincides  satisfactorily 
with  the  theoretical  distribution. 

These  tests  \erified  the  fact  that  a  slotted  test  section  with  perforated 
cover  sheets  over  the  slots  is  capable  of  eflcctively  eliminating  the  secondary 
flow  disturbances  previously  discussed.  However,  the  walls  must  be  opened 
more  than  for  the  conventional  slotted  configuration  in  order  to  eliminate 
reflections  in  the  compression  wave  region.  To  produce  a  test  section  having 
the  proper  open  area  for  successful  absorption  of  compression  waves,  it  was 
necessary  to  increase  the  slot  width  to  as  much  as  53  per  cent  of  the  wall 
area  and  to  diverge  two  walls  of  the  test  section  to  +30  . 

The  preceding  results  of  cone-cylinder  tests  in  slotted  test  sections  show 
that,  as  was  true  in  the  case  of  conventional  perforated  test  sections,  wall 
configurations  consisting  of  longitudinal  slots  with  perforated  cover  plates 
can  be  devised  which  will  eliminate  the  wall  interference  in  either  the 
compression  or  the  expansion  wave  region.  However,  no  satisfactory  slotted- 
wall  configuration  having  conventional  perforated  cover  plates  over  the  slots  has 
been  found  which  can  simultaneously  eliminate  the  wave  reflections  in  both 
the  compression  and  the  expansion  wave  regions. 

Slotted  Test  Sections  with  Perforated  Cover  Plates  of  the  Dijferential- Resistance 
Type. — Diflerential-resistance-type  cover  plates  over  longitudinal  slots 
should  be  beneficial  because  differential  resistance  to  the  cross  flow  over 
longitudinally  slotted  walls  is  required  to  eliminate  the  wall  interference  in 
both  the  compression  and  expansion  wave  regions.  In  order  to  verify  this 
expectation,  a  scries  of  tests  was  conducted  in  the  AFDC  transonic  model 
tunnel  using  a  wall  configuration  having  twelve  slots  (open-area  ratio  of 
20  per  cent  without  cover  plates)  and  cover  plates  with  holes  inclined  at  60^ 
angles  and  an  open-area  ratio  of  22  per  cent.  With  such  a  wall  configuration, 
lK)th  a  noticeable  slot  flow  curvature  effect  and  a  strong  differential-resistance 
wall  effect  should  be  produced.  Typical  results  of  this  test  scries  are  presented 
in  Fig.  9.19.  The  experimental  results  coincide  much  better  with  theory 
than  do  the  results  obtained  using  conventional  slots  without  cover  plates. 
It  should  be  noted  that  the  test  Mach  number  was  somewhat  smaller  than 
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Fig.  9, 18.  Pressure  distribution  along  surface  of  cone-eylinder  model 
with  2  per  cent  blockage  in  various  slotted  test  sections  with  and 
without  fterf orated  cover  plates  at  M  ^  1.20.^ 
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1.20,  as  is  obvious  from  the  generally  high  pressures  along  the  model  surface 
(see  Fig.  9.19). 

The  test  with  the  slotted  walls  and  cover  plates  of  the  differential- 
resistance  tN'pe  indicates  that  it  is  possible  to  obtain  fairly  reliable  test 
results  for  cone-cylinder  m<xlels  in  the  Mach  number  range  near  1.20. 
However,  in  the  selected  case  of  the  cone-cylinder  model,  the  concentrated 
shock  waves  were  of  small  intensity,  that  is,  the  initial  conical  shock  produced 
at  the  tunnel  wall  was  no  more  than  one-fifth  of  the  entire  pressure  rise 
produced  by  the  model.  With  other  models  which  produce  strong  shock 
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Fig.  9.19.  Pressure  distribution  along  surface  of  cone-<y Under  model  in  conventional 
slotted  wall  test  sections  and  in  combination  slotted  test  sections  with  differential 
resistance-type  cover  plates  at  M  =  L20,^ 


waves  the  conditions  may  be  more  severe.  In  these  cases  reflections  from  the 
large  area  of  solid  wall  l>etween  the  slots  will  meet  the  model  before  the 
intensity  is  sufficiently  reduced  by  the  counteracting  effect  of  the  expansion 
waves  originating  at  the  slots. 

\  comparison  between  the  results  obtained  with  cone-cylinder  models  in 
perforated  test  sections  and  in  longitudinally  slotted  sections  with  perforated 
cover  plates  indicates  that  more  reliable  test  results  were  obtained  near 
Mach  number  1.20  when  perforated  walls  of  the  differential-resistance  type 
were  employed. 
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5.  RESULTS  OF  WIND  TUNNEL  TESTING  WITH  THREE- 
DIMENSIONAL  MODELS  IN  PERFORATED  TEST  SECTIONS 
AT  VARIOUS  MACH  NUMBERS  AND  BLOCKAGE  RATIOS 
In  the  preceding  section  the  emphasis  was  placed  on  test  results  obtained 
with  2  per  cent  blockage  cone-cylinder  models  in  perforated  test  sections  at 
Mach  number  1.20.  Some  additional  typical  test  results  obtained  using 
cone-cylinder  and  cone-ogive-cylinder  models  in  perforated  test  sections 
with  varying  blockage  and  open-area  ratios  of  the  wall  will  be  presented 
and  discussed  in  this  section.  In  all  these  tests  the  wall  geometry  was  selected 
according  to  the  differential-resistance  principle.  In  particular^  holes  with  60® 
inclination  and  a  ratio  of  hole  size  to  wall  thickness  of  1.0  were  used  to 
produce  the  differential-resistance  character. 

a.  Cone-cylinder  model  with  2  per  cent  blockage  at  subsonic  and  supersonic  Mach 
numbers 

The  same  2  per  cent  blockage  cone-cylinder  model  discussed  in  the 
preceding  section  was  utilized  to  obtain  test  results  over  the  entire  transonic 
Mach  number  range,  that  is,  from  high  subsonic  to  supersonic  Mach 
numbers  of  1.4.  The  test  results  were  first  obtained  in  the  AEDC  transonic 
model  tunnel  (12  in.  test-section  height)  in  a  test  section  having  differential- 
resistance  walls  with  a  6  p)er  cent  open-area  ratio.  Then  the  same  models 
were  transferred  to  the  full-scale  16  ft  transonic  wind  tunnel  of  the  AEDC, 
and  again  test  data  were  obtained  over  the  identical  Mach  number  range. 


Flo.  9.20.  Pressure  distribution  of  cone-cylinder  model  in  perforated  test  section  for 
various  Mach  numbers  (6  per  cent  open-area  ratio ^  60^  inclined  holes,  ^  1 

t  =»  J  in.,  parallel  wall  setting)  (D  —  rylinder  diameter,  x  axial  distance  behind 
apex)  {unpublished  data  by  Gardenitr  and  Estabrooks  obtained  in  the  AEDC  transonic 

model  tunnel). 
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Since  in  the  latter  case,  the  blockage  ratio  dropped  to  the  extremely  small 
value  of  0.008  per  cent,  the  data  resulting  can  be  considered  to  be  practically 
interference-free. 

Pressure  distribution  curves  for  the  2  per  cent  blockage  model  arc  com¬ 
pared  with  the  interference-free  distributions  shown  in  h'ig.  9.20  for  Mach 
numbers  0.95,  l.l,  1.2,  and  1.4.  The  Mach  number  range  around  Mach 
number  one  is  not  included  in  this  figure.  Agreement  between  the  data 
from  the  2  per  cent  blockage  model  and  from  the  interference-free  test  of 
the  20"  cone-cylinder  model  is  satisfactory.  Though  the  influence  of  wave 
reflections  can  Ije  recognized  at  all  supersonic  Mach  numbers,  their  mag¬ 
nitude  is  reasonably  small. 
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Fici.  9.21.  Pressure  distribution  of  cone-cylinder  model  in  perforated  test  section  with 
various  of)en-area  ratios  for  Ai  =*  LOO  {60'^'  inclined  holeSy  «*  J  iw.,  ^  J  in.) 
{unpublished  data  by  Gardenier  and  Estabrooks  obtained  in  the  AEDC  transonic 

model  tunnel). 
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b.  Cone-cylinder  model  with  2  per  cent  blockage  in  differential-resistance  test  sections 
with  different  open-area  ratios  near  Mach  number  one 

Some  test  results  obtained  with  the  2  per  cent  blockage  cone-cylinder 
model  in  the  test  section  with  6  per  cent  open  walls  discussed  previously  arc 
presented  in  Figs.  9.21  and  9.22  at  the  most  sensitive  Mach  numl>ers  of  1.00 
and  1.05.  In  these  cases  the  test  results  exhibit  large  disturbances. 
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Fig.  9.22.  Pressure  distribution  of  cone-<ylinder  model  in  perforated  test  section  with 
various  open-area  ratios  for  A/  *  L05  (60""  inclined  holes^  J  in.,  /  *  J  in.) 
{unpublished  data  by  Gardenier  and  Estabrooks  obtained  in  the  AEDC  transonic 

model  tunnel). 


As  pointed  out  in  Chapter  8,  it  can  be  expected  that  in  the  Mach  number 
range  around  one  the  open-area  ratio  of  perforated  walls  must  be  reduced 
in  order  to  accomplish  suitable  matching  between  shock  cross-flow  charac¬ 
teristics  on  the  one  hand,  and  wall  cross-flow  characteristics  on  the  other 
hand.  In  order  to  check  this  conclusion  the  same  model  was  investigated  in 
perforated  test  sections  having  the  same  hole  geometry  but  with  the  open- 
area  ratio  reduced  from  6  per  cent  to  3  and  1.5  per  cent,  respectively. 
Typical  results  for  the  smaller  open-area  ratios  are  also  presented  in  Figs. 
9.21  and  9.22.  As  expected,  the  less  open  walls  produced  smaller  wall 
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interferences  in  the  Mach  number  range  under  consideration  than  did  the 
6  per  cent  open  wall.  At  Mach  numl>cr  one,  a  wall  with  1.5  per  cent  of>en- 
area  ratio  and  a  wall  setting  of  40'  divergence  gave  the  least  interference; 
at  a  Mach  number  of  1.05,  the  open-area  ratio  of  the  wall  should  be  in¬ 
creased  to  approximately  3  per  cent  with  the  wall  setting  parallel. 

In  view  of  the  test  results  over  the  entire  transonic  Mach  numl)er  range, 
it  is  apparent  that  a  6  per  cent  differential-resistance  wall  would  be  capable 
of  producing  reasonably  interference-free  data  in  the  subsonic  Mach 
number  range  up  to  0.95.  As  Mach  number  one  is  approached,  the  wall 
should  be  closed  to  approximately  a  1.5  per  cent  or  less  open  area.  When 
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Fig.  9.23.  Pressure  distribution  of  cone-cylinder  models  of  different  blockage  ratios  in 
perforated  test  sections  at  M  —  1.10  (6  per  cent  open-area  ratio ^  60“^  inclined  holes ^ 
</  a  in.,  /  K  j  in.)  {unpublished  data  by  Gardenier  and  Estabrooks  obtained  in  the 
AEDC  transonic  model  tunnel). 


the  Mach  number  is  further  increased  to  Mach  1.05,  the  wall  should  be 
opened  again  to  3  per  cent  open  area,  and  the  opening  should  be  increased 
up  to  6  per  cent  for  Mach  numbers  of  1.1  and  above.  It  should  be  remem¬ 
bered,  however,  that  such  variation  of  the  open-area  ratio  of  a  perforated 
wall  would  be  required  mainly  when  the  emphasis  of  the  wind  tunnel 

193 


TRANSONIC  WIND  TUNNEL  TESTING 

testing  was  placed  on  obtaining  correct  pressure  distributions  over  the  model. 
If  the  emphasis  is  placed  on  force  or  moment  measurements  of  complete  models, 
reasonably  good  data  even  in  the  most  critical  range  of  Mach  number  one 
and  above,  can  frequently  be  obtained  with  walls  having  the  same  geometry 
because  a  compensating  effect  is  produced  over  the  model  surface.  Some  of 
those  measurements  arc  given  in  Section  5c  of  this  chapter. 
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Fig.  9.24.  Pressure  distribution  of  cone-cylinder  models  of  different  blockage  ratios  in 
perforated  test  sections  at  M  =  1.20  {6  per  cent  open-area  ratio,  60"^  inclined  holes, 
d  ^  \  in.,  ^  =  i  in.)  {unpublished  data  by  Gardenier  and  Estabrooks  obtained  in  the 
AEDC  transonic  model  tunnel). 

c.  Cone-cylinder  models  with  different  blockage  ratios 

Cone-cylinder  models  w’ith  the  same  20^^  cone  angle  and  blockage  ratios 
of  2,  and  4  per  cent  were  tested  in  the  AEDC  transonic  model  tunnel. 
The  same  wall  geometry  was  utilized  for  these  tests,  that  is,  a  6  per  cent 
open  wall  with  60"  inclined  holes.  The  test  results  presented  in  Figs.  9.23 
and  9.24  compare  the  data  for  these  models  with  those  for  the  0.008  per  cent 
blockage  model  which  can  be  considered  to  be  practically  interfcrcnce-frcc. 
It  is  remarkable  that  even  the  large  4  per  cent  blockage  model  still  yields 
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reasonably  gocxl  pressure  distribution  data.  This  is  more  surprising  in  view 
of  the  fact  that  the  test  Mach  numbers  for  the  4  per  cent  blockage  model 
were  obviously  somewhat  lower  than  the  nominal  values  of  Mach  numl>ers 
l.l  and  1.20. 

In  contrast  the  data  for  the  per  cent  blockage  model  show  noticeable 
deviations  from  the  interference- free  data.  This  surprising  result  is  not 
explained  completely  and  requires  further  detailed  probing  before  the 
cause  of  the  phenomena  can  be  determined.  It  might  \yc  that  the  selected 
wall  geometry  is  most  suitable  for  testing  of  relatively  large  models  which 
produce  strong  disturbance  wave  systems.  For  the  weaker  waves  which  are 
produced  by  the  small  per  cent  blockage  model,  a  wall  of  a  different 
geometry  might  be  more  advantageous.  In  support  of  this  point,  it  should 
also  Ik:  remembered  that  the  wall  utilized  in  the  test  series  was  developed 
l)y  using  a  2  per  cent  blockage  model.  Naturally  therefore  the  2  per  cent 
blockage  model  produced  the  best  correlation  with  interefrcnce-free  data 
in  this  test  section. 

(i.  Pressure  distribution  measurements  for  cone-ogive-cylinder  models  in  perforated 
test  sections 

The  cone-cylinder  models  utilized  in  the  experimental  investigation  dis¬ 
cussed  previously  develop  a  strong  concentrated  expansion  wave  system 
around  their  shoulders.  This  concentrated  expansion  wave  s)^tem  causes 
many  difliculties  in  matching  model  and  wall  characteristics.  In  some  phases 
of  the  AFDC  testing,  therefore,  the  shoulder  of  these  models  was  rounded, 
and  the  resulting  cone-ogive-cylinder  models  were  investigated  through 
the  same  Mach  number  range.  The  cone  angle  of  these  models  was  again 
20'’  total,  and  the  radius  of  the  ogive  was  ten  times  the  diameter  of  the 
model  cylinder. 

Models  of  different  sizes  were  built  which  produced  2  per  cent  blockage 
in  the  small  transonic  model  tunnel  and  per  cent  blockage  in  the  full-scale 
transonic  wind  tunnel  of  the  AEDG.  Some  unpublished  data  from  this  test 
series,  conducted  by  Gardenier  and  Estabrooks,  are  shown  in  Fig.  9.25.  In 
this  case,  as  in  the  case  of  the  cone-cylinder  model  tests,  the  test  results  up 
to  Mach  number  0.95  and  above  1.2  indicate  satisfactorily  small  wall  inter¬ 
ference  effects.  In  the  low  supersonic  Mach  number  range,  however,  definite 
wall  interference  effects  are  noticeable,  particularly  at  Mach  numbers  1.0, 
1 .05,  and  1.1.  Again,  it  should  be  p)ossible  to  develop  a  wall  geometry  which 
produces  small  wall  interference  in  the  lower  supersonic  Mach  number 
range,  as  was  the  case  for  the  cone-cylinder  models.  This  possibility  has  not 
been  verified,  however,  since  too  few  systematic  measurements  of  contin¬ 
uously-curved  Ixxlies  of  revolution  have  been  conducted  in  transonic  wind 
tunnels  to  permit  a  comparison  with  interference-free  data. 

e.  Force  measurements  on  cone-cylinder  models  with  different  blockages 

As  mentioned  before,  the  pressure  distribution  measurements  along  the 
surface  of  models  reveal  most  clearly  the  interference  effects  produced  by 
reflections  from  the  wind  tunnel  wall.  Since  force  measurements  produce 
an  integrated  effect  over  the  entire  surface  of  the  models,  many  of  the  pressure 
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Fig.  9.25.  Pressure  distribution  for  cone-ogive-cylinder  models  in  perforated  test 
section  (6 per  cent  open-area  ratio,  60^  inclined  holes,  *  J  in.,  ^  —  i  in.)  (unpublished 
data  by  Gardenier  and  Estabrooks  obtained  in  the  AEDC  transonic  model  tunnel). 
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disturbances  will  disappear  because  of  mutual  compensation  of  the  various 
disturbance  regions.  Consequently  it  can  be  expected  that,  in  many  tests, 
force  and  moment  measurements  will  produce  reliable  data,  even  when  the 
pressure  distribution  measurements  reveal  noticeable  interference  effects. 

As  an  example  of  this  phenomena,  some  normal  force  and  moment 
coefficient  test  results  for  cone-cylinder  models  in  the  Mach  number  range 
from  0.6  to  1 .6  are  shown  for  a  model  w'ith  1  per  cent  blockage  and  a  model 
with  0.01  per  cent  blockage.  The  1  per  cent  blockage  tests  were  conducted 
in  the  AEDC  transonic  model  tunnel;  the  0.01  per  cent  blockage  tests  were 
conducted  with  another  cone-cylinder  model  in  the  full-scale  transonic- 
wind  tunnel  of  the  AEDC.  The  walls  in  both  cases  were  of  the  differential 
resistance  type,  6  per  cent  open,  with  inclined  holes  of  60®. 

The  slopes  of  the  normal  force  and  moment  coefficients  of  both  models, 
determined  for  the  angle-of-attack  range  near  a  =  0°  are  shown  in  Fig.  9.26. 


Fig.  9.26.  Foret  rntasuremtnts  of  cone-cylinder  model  with  LJD  =*  10  in,  in  perfor¬ 
ated  test  section  around  angle  of  attack  61®  (6^  per  cent  open  walls,,  60^  irwlined 
holes,  «  J  in.,  t  *  1  in.)  (unpublished  data  by  Gardenier  and  Estabrooks  ob¬ 
tained  in  the  AEDC  transonic  model  tunnel). 

The  correlation  between  the  two  sets  of  data  is  very  satisfactory  considering 
the  fact  that  two  different  models  in  tw'o  different  wind  tunnels  were  used  for 
these  tests. 

In  summarizing  the  test  results  obtained  from  various  models  of  axial 
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symmetry  in  transonic  test  sections,  it  can  be  concluded  tliat  reasonably 
accurate  pressure  distributions,  and,  in  particular,  force  and  moment  data, 
can  be  obtained  with  1  per  cent  blockage  models  in  transonic  test  sections 
through  the  entire  subsonic,  sonic,  and  supersonic  Mach  number  range 
with  the  desired  differential-resistance-type  walls.  However,  when  precise 
pressure  distribution  measurements  are  required  in  the  immediate  vicinity 
of  Mach  number  one  and  slightly  above,  it  will  be  necessary  to  study  the 
interference  flow  pattern  more  closely.  Additional  preliminary  tests  with 
walls  of  a  small  open-area  ratio  and  possibly  different  wall  geometry^  might 
be  required  in  order  to  cover  this  range  satisfactorily  (see  also  Chapter  10). 
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CHAPTER  10 


TYPICAL  TEST  RESULTS  FROM  COMPLETE 
AIRPLANE  MODELS  IN  TRANSONIC  WIND 

TUNNELS 

The  preceding  chapter  discusses  methods  for  transonic  testing  of  individual 
airplane  components  in  different  types  of  transonic  test  sections.  However, 
reliable  testing  to  determine  the  aerodynamic  characteristics  of  new  aircraft 
is  possible  only  when  the  conclusions  from  suitable  test  configurations, 
arrived  at  on  the  basis  of  individual  component  tests,  also  hold  true  for 
complete  airplane  tests.  Therefore  the  critical  evaluation  of  complete  air¬ 
plane  test  results  is  the  final  check  of  the  testing  possibilities  of  transonic 
wind  tunnels. 


1.  INFLUENCE  OF  FLOW  NON-UNIFORMITIES 
In  Chapter  9,  it  was  demonstrated  that  force  and  moment  measurements 
for  bodies  of  revolution  frequently  produce  satisfactory  results,  even  when 
the  pressure  distribution  along  the  surface  of  the  models  indicates  consider¬ 
able  disturbance  due  to  incomplete  cancellation  of  wave  reflections  or  to 
ot^er  causes  (see  Fig.  9.26).  This  result  can  be  readily  understood  since 
forces  and  moments  of  complete  models  are  produce  <  by  the  integrated 
local  pressures  along  the  model  surface;  there  is  usually  therefore  a  compen¬ 
sating  effect  to  such  disturbances. 

In  some  transonic  test  sections,  however,  flow  non-uniformities  occur 
which  arc  not  produced  by  the  test  model  itself.  They  already  exist  in 
the  empty  test  section.  Such  non-uniformities  may  l)c  caused  by  wall 
irregularities,  by  incorrect  distribution  of  the  open  area  of  slotted  and 
perforated  walls,  or  by  boundary  layer  effects. 

A  brief  systematic  study  was  conducted  by  the  N.\CA  to  determine 
experimentally  to  what  extent  a  typical  disturbance  in  an  otherwise  satis¬ 
factorily  uniform  test-section  flow  influences  the  aerodynamic  character¬ 
istics  of  a  complete  airplane  model. ^  The  tests  were  performed  in  the  NACA 
8  ft  wind  tunnel  where  a  circular  test  section  with  solid  walls  was  installed. 
The  Mach  number  distribution  along  an  axial  line  at  a  distance  I  in.  from 
the  centerline  of  the  tunnel  is  shown  in  Fig.  10. 1 .  It  was  generally  uniform 
except  for  a  pronounced  dip  which  reduced  the  Mach  number  locally  from 
the  average  value  of  Mach  1.29  to  approximately  1.15.  This  deficiency  of 
AAf  0.05  extended  over  a  range  of  ±  1  in.  radial  distance  from  the  tunnel 
centerline  and  decayed  gradually  at  larger  distances.  For  example,  at  a 
distance  of  7  in.  from  the  centerline  the  disturbance  was  reduced  to  AA/ 
=  0.022.  Also  the  Mach  number  dip  extended  obliquely  out  from  the  center- 
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line  along  approximately  the  Mach  1.20  lines.  No  detailed  measurements  of 
the  flow  inclination  were  made;  however,  it  may  be  assumed  that  flow 
inclination  disturbances  were  small. 

A  complete  airplane  model  w^ith  a  span  of  approximately  18  in.  was 
placed  in  the  test  section  at  different  axial  locations.  During  one  test  series 
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the  main  wing  was  exposed  to  the  Mach  number  disturbance.  Then  the 
model  was  p)ositioned  further  forward  so  that  the  disturbance  w'as  first 
positioned  between  wing  and  tail  and,  finally,  in  the  tail  area  (see  Fig.  10.1). 
At  the  three  locations  indicated,  the  lift,  moment  and  drag  coefficients  of 
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the  complete  mcxlel  were  measured  (Fig.  10.2).  It  is  apparent  from  the  test 
results  that  a  flow  non-uniformity  with  a  Mach  number  decrement  of 
AA/  =  0.05  need  not  produce  significant  irregularities  in  the  model  aero¬ 
dynamic  parameters  greater  than  the  accuracy  of  normal  wind  tunnel 
testing.  This  result  is  particularly  noteworthy  in  view  of  the  fact  that  the 
disturbance  extended  outward  along  the  Mach  1.20  lines,  and  in  addition, 
the  aerodynamic  centerline  of  the  wing  was  swept  back  at  an  angle  which 
also  corresponded  roughly  to  the  Mach  lines,  ^cause  of  this  coincidence 
maximum  interference  flow  disturbance  and  wing  characteristics  would  be 
expected  to  occur  in  this  Mach  number  range. 


LONGITUDINAL  LOCATION  OF  FLOW  DISTURBANCE 
O  IN  REGION  OF  MODEL  WING 
□  BETWEEN  MODEL  WING  AND  TAIL 
O  IN  REGION  OF  MODEL  TAIL 
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Fk;.  10.2.  Lift^  drag  and  pitching  moment  coefficients  of  an  airplane  model  for  three 
positions  of flow  disturbances  along  the  length  of  the  model  for  M  =  I.2.* 


The  conclusion  may  therefore  be  drawn  that  flow  non-uniformities  of 
the  type  found  in  the  brief  test  series  described  above  can  be  tolerated  without 
seriously  compromising  the  validity  of  the  aerodynamic  test  parameters  of 
complete  models. 

It  must  be  remembered,  however,  that  in  this  test  series  only  a  disturb¬ 
ance  of  the  local  Mach  number  occurred;  the  local  flow  direction,  although 
not  determined  experimentally,  was  probably  quite  small.  If  a  Mach 
numl>er  or  flow-inclination  non-uniformity  extends  over  an  axial  distance 
which  is  small  compared  with  the  chord  length  of  the  wing  or  tail  surface, 
the  influence  of  such  non-uniformity  may  be  expxrcted  to  be  small.  On  the 
other  hand,  if  the  axial  extent  of  a  disturbance  region  exceeds  the  chord 
length  of  the  wing  or  tail,  the  measured  forces  on  the  w'ing  and  tail  may  be 
significantly  impaired  (see  also  Ref.  2).  In  judging  the  permissibility  of 
flow  disturbances  in  wind  tunnel  testing,  not  only  must  the  disturbance 
magnitude  be  considered  but  also,  and  more  significantly,  the  extent  of  the 
disturbance  related  to  the  characteristic  length  of  the  wing  and  tail  of 
the  complete  model. 
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2.  COMPARISON  OF  FORCE  MEASUREMENTS  FOR  A 
FUSELAGE-WING  MODEL  IN  SLOTTED  AND 
PERFORATED  TEST  SECTIONS 

In  order  to  investigate  the  relative  merits  of  different  transonic  test  sections 
a  simple  “fuselage-wing”  model  with  1.0  per  cent  blockage  was  investi¬ 
gated  in  the  AKDC  transonic  model  tunnel  using  lx)th  longitudinally 
slotted  and  perforated  test  sections.^***  The  same  model  was  also  tested  in 
the  VV.\DC  10  ft  transonic  wind  tunnel  where  the  blockage  was  only 
0.014  per  cent.  Data  obtained  in  this  latter  tunnel  may  be  assumed  to  be 
practically  interference-free,  except  possibly  in  a  narrow  Mach  number 
range  around  Mach  number  one.  The  model  shown  in  Fig.  10.3  had  a 


Fig.  10.3.  Photograph  of fuselage-wing  model  ^or  transonic  testing.* 

fuselage  with  a  cylindrical  afterlx)dy  and  a  swept-back  wing.  The  instal¬ 
lation  in  the  transonic  model  tunnel  is  shown  in  Fig.  10.4.  Force  measure¬ 
ments  were  obtained  for  drag  and  lift  in  the  angle-of-attack  range  from  —2° 
to  The  moments  could  not  be  determined  owing  to  a  malfunction 

of  the  moment  measuring  elements  of  the  balance. 

a.  Testing  in  slotted  test  sections 

The  slotted  test  sections  used  in  the  test  series  at  WADC  and  AEDC 
had  sixteen  slots  and  a  total  open-area  ratio  of  1 1  per  cent.  The  slot  was 
tapered  at  the  upstream  end  of  the  test  section  in  order  to  provide  uniform 
flow  through  the  Mach  number  range.  Supersonic  flow  was  obtained  using 
a  sonic  nozzle  ahead  of  the  test  section  and  plenum  chamber  section.*^ 

Lift  coefficients  for  the  model  as  a  function  of  angle  of  attack  are  shown  in 
Fig.  10.5  for  various  Mach  numbers  between  Mach  0.80  and  1.10.  Obviously 
the  results  from  the  transonic  testing  of  the  1.10  per  cent  blockage  model 
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were  not  greatly  affected  by  placing  the  top  and  bottom  walls  at  30'  diverg¬ 
ent,  parallel,  or  30'  convergent  settings.  The  setting  of  only  two  walls  was 
changed.  The  lift  coefficients  obtained  in  the  10  ft  WADC  wind  tunnel 
coincided  well  with  the  model  tunnel  data.  It  can  thus  be  concluded  that 
reliable  lift  coefficient  measurements  can  be  obtained  for  small  angles  of  attack 
(  ±4°)  using  wing-fuselage  models  with  blockage  ratios  of  1.10  per  cent  in 
longitudinally  slotted  test  sections. 
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Fig.  10.4.  Installation  of  fuselage-wing  model  in  slotted  test  section.* 


Drag  coefficients  were  also  determined  for  the  same  model  in  both  wind 
tunnels.  The  general  trend  of  the  drag  curves  as  a  function  of  the  lift  coeffi¬ 
cient  is  in  reasonable  agreement  through  the  transonic  Mach  number  range 
although  there  is  a  more  noticeable  shift  in  the  curves  (see  Fig.  10.5).  The 
drag  coefficients  for  zero  lift  were  measured  more  closely  over  the  same 
Mach  number  range;  both  the  total  measured  drag  and  the  fore  drag  of 
the  model  are  shown  in  Fig.  10.6.  It  is  apparent  that  in  the  supersonic  Mach 
number  range  between  1.04  and  1.20  significant  irregularities  occurred 
which  were  obviously  caused  by  wave  reflections  from  the  slotted  test- 
section  walls.  A  change  of  the  wall  setting  from  30'  divergent  to  30'  con¬ 
vergent  did  not  produce  significantly  different  results. 


d.  Testing  in  perforated  test  section 

The  same  fuselage-wing  model  was  also  tested  in  a  perforated  test  section 
having  an  1 1 .8  per  cent  open-area  ratio.  The  walls,  iV  in.  thick  and  provided 
with  straight  holes  iV  in.  in  diameter,  were  selected  as  suitable  on  the  basis 
of  preliminary  tests  conducted  in  the  same  model  tunnel  using  similar 
models  and  a  variety  of  geometry  walls.  Wall  .settings  of  30'  diverged, 
parallel,  and  30'  and  45'  converged  were  used.^ 
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Fig.  10.5.  lAJl  and  drag  coefficients  for  wing-fuselage  model  in  slotted  model  test  section  in  comparison  with 

interference-free  data.^ 
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Fig.  10.6.  Fore-drag  and  total-drag  coefficients  of  wing-fuselage  model  in  slotted  model  test  section  in  comparison 

with  interference-free  data.^ 
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Lift  coefficient  as  a  function  of  angle  of  attack  at  Mach  numl)ers  0.80, 
1.00  and  1.10  are  shown  in  Fig.  10.7.  At  both  convergent  wall  settings  the 
agreement  between  the  VVADG  interference-free  data  and  the  model 
tunnel  data  was  very  good.  The  divergent  setting,  however,  produced  a 
noticeably  smaller  lift-curve  slope  than  did  the  VVADC  tunnel.  This  dis¬ 
crepancy  was  greatly  reduced  when  the  walls  were  placed  at  parallel 
setting.  Good  agreement  between  model  tunnel  and  large  tunnel  measure¬ 
ments  was  again  exhibited  by  the  drag  test  results  when  the  walls  were 
placed  at  a  convergent  setting  (see  Fig.  10.7).  The  influence  of  wall  setting 
can  be  mainly  attributed  to  differences  in  wall  boundary  layer  formation  as 
discussed  later. 

Drag  results  with  the  model  for  zero  lift  are  shown  in  Fig.  10.8.  The 
fore-drag  coefficients  obtained  in  the  model  tunnel  arc  in  excellent  agreement 
with  the  VVADC  data.  The  influence  of  the  wall  setting  is  negligibly  small 
and  within  the  accuracy  of  the  test.  It  must  be  remembered,  however,  that 
the  fore  drag  is  not  a  very  sensitive  parameter  since  it  is  the  base  drag 
which  is  mainly  influenced  by  shock  reflection. 

The  total  drag  coefficients  showed  a  large  influence  from  the  reflected 
waves  when  the  wall  was  placed  at  the  divergent  setting  and  also,  to  a 
smaller  degree,  at  the  parallel  wall  setting.  For  these  conditions  the  Ixjund- 
ary  layer  along  the  wall  can  be  expected  to  be  comparatively  thick,  and, 
in  agreement  with  previous  tests  on  two-dimensional  shock  reflection 
characteristics  (see  Chapter  8),  intense  shock  reflections  occurred.  At  the 
converged  wall  settings  of  —30'  and  —45',  that  is,  at  wall  settings  which 
produce  thin  Ix^undary  layers,  shock  reflections  were  greatly  reduced  so 
that  the  total  drag  coefficients  of  the  model  tunnel  coincided  satisfactorily 
with  the  practically  interference-free  data  obtained  in  the  large  VVADC 
wind  tunnel.  However,  the  drag  coefficient  determined  at  Mach  number 
1.02  in  the  VVADC  tunnel  is  obviously  influenced  by  wave  reflection  from 
the  w'all  (see  Fig.  10.8).  In  the  model  tunnel,  wave  reflection  at  this  Mach 
number  was  effectively  eliminated. 

In  the  subsonic  speed  range,  the  drag  values  for  the  converged  settings  of 
the  perforated  model  tunnel  walls  arc  somewhat  larger  than  the  corres¬ 
ponding  values  obtained  from  the  VVADC  wind  tunnel.  At  subsonic  Mach 
numbers  the  best  agreement  was  obtained  when  the  walls  were  set  parallel ; 
at  supersonic  Mach  numbers  best  agreement  was  obtained  when  the  w^alls 
were  converged  —30'  or  —45'.  The  exact  reason  for  this  discrepancy  is 
not  fully  known.  It  might  be  an  indication  of  the  axial  pressure  gradient 
which  is  established  by  the  interference  flow  around  a  model  in  perforated 
test  sections  and  is  accentuated  by  wall  convergence  because  of  the  reduction 
of  the  wall  boundary  layer  thickness.  Possibly  also  a  difference  in  the 
turbulence  of  Reynolds  number  level  of  the  two  tunnels  might  have  caused 
this  difference  in  the  measurements  of  base  drag. 

c.  Comparison  between  slotted  and  perforated  test-section  results 

The  tests  of  the  wing-fuselage  model  in  the  transonic  model  tunnel  with 
both  longitudinally  slotted  and  perforated  test  sections  show  that  reliable 
data  can  be  obtained  with  both  types  of  test  sections  in  the  subsonic  and 
sonic  Mach  number  range  when  the  geometry  of  the  test-section  walls  is 
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Fig.  10.7.  Lift  and  drag  coefficients  of  unng-fuselage  model  in  perforaUd  Ust  section  in  comparison  with 

interference-free  data.* 
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properly  chosen.  In  the  supersonic  Mach  number  range,  however,  the  longi¬ 
tudinally  slotted  test  section  was  found  to  be  incapable  of  effectively  elim¬ 
inating  the  wave  reflections  from  the  tunnel  wall  so  no  reliable  drag  data 
could  be  obtained.  On  the  other  hand,  with  perforated  test  sections,  wave 
reflection  disturbances  could  be  effectively  minimized  when  the  walls  were 
placed  at  converged  settings  of  —30'  or  —45',  in  order  to  keep  the  wall 
boundary  layer  thin. 


Fig.  10.8.  Fore-drag  and  total-drag  coefficients  for  wing -fuselage  model  in  perforated 
test  section  in  comparison  with  interference-free  data.^ 


On  the  basis  of  the  comparative  tests  with  a  1.10  per  cent  blockage  model 
and  as  a  result  of  a  large  number  of  other  tests,  it  can  be  stated  that  the 
greater  potential  for  testing  complete  airplane  models  through  the  transcjnic 
Mach  number  range  lies  with  suitably  shaped  perforated  test  sections, 
particularly  when  special  emphasis  is  to  be  placed  on  the  supersonic  Mach 
number  range. 


3.  TESTS  IN  SLOTTED  TEST  SECTIONS 
a.  Tapered  unswept  wing  in  slotted  model  tunnel 

The  NACA  conducted  a  series  of  transonic  wind  tunnel  tests  with  several 
semi-span  wings  in  a  small  model  tunnel  hav'ing  a  cross  section  of  6.25  x 
4.50  in.  (Ref.  5).  These  wings  were  mounted  on  one  of  the  solid  side- 
walls  of  the  tunnel;  the  upper  and  lower  walls  were  equipped  w4th  eighteen 
slots  per  wall,  producing  open-area  ratios  of  20  and  12.5  per  cent,  respec¬ 
tively.  (Open-area  ratio  is  related  to  the  area  of  the  upper  and  lower  wall 
only — see  Fig.  10.9.)  The  semi-span  of  the  wing  was  4.24  in.,  that  is,  68  per 
cent  of  the  width  of  the  tunnel ;  blockage  thus  amounted  to  1 .9  per  cent  of 
the  tunnel  cross  section  at  zero  angle  of  attack.  The  aerodynamic  parameters 
of  the  wing  were  determined  through  the  transonic  Mach  number  range  in 
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Fig.  10.9.  Small  model  wing  in  MACA  slotted  test  section  fi 
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the  small  slotted  model  tunnel  and  then  in  the  large  NACA  7  x  10  ft  tunnel 
to  permit  comparison.  Data  obtained  in  the  large  7  x  10  ft  tunnel  may  be 
assumed  to  be  interference-free. 

Some  of  the  results  relating  to  the  lift  and  pitching  moment  character¬ 
istics  obtained  during  this  test  series  are  presented  in  Figs.  10.10a  and  b. 
The  20  per  cent  open  walls  were  too  open  and  produced  lift  curve  slopes 
much  like  open  wind  tunnel  data.  The  12.5  per  cent  open  walls,  however, 
produced  results  which  compared  well  with  the  data  obtained  in  the  large 
7  X  10  ft  wind  tunnel. 

The  slopes  of  the  lift  and  moment  curves  determined  at  zero  lift  are 
presented  for  several  tunnel  configurations  in  Figs.  10,11a  and  b.  The  lift 
curve  graph  also  compares  data  obtained  from  the  closed  and  open  wind 
tunnels  to  which  no  corrections  for  wind  tunnel  boundan*  effects  were 
applied.  Again  the  data  from  the  12.5  per  cent  open  slotted  wind  tunnel 
coincide  well  with  the  data  from  the  7  x  10  ft  wind  tunnel.  In  particular, 
the  large  boundary  effects  which  arc  evident  in  the  data  obtained  using  the 
closed  and  open  wind  tunnels  are  greatly  reduced  in  both  slotted  wind 
tunnels.  Only  in  the  Mach  number  range  slightly  above  Mach  number  one, 
do  significant  deviations  occur  between  the  interference- free  7  x  10  ft  wind 
tunnel  data  and  the  data  obtained  in  the  small  12.5  per  cent  open  slotted 
wind  tunnel.  The  observed  agreement  l^etween  the  various  test  results  is 
particularly  remarkable  when  effects  of  the  wall  boundary  layer  and  the 
existence  of  a  gap  around  the  semi-wing  are  taken  into  consideration. 

The  curv’cs  for  the  pitching  moment  slopes  (Fig.  10.1  lb)  for  both  slotted 
wind  tunnels  largely  coincide.  However,  noticeable  deviations  occur  be¬ 
tween  the  data  obtained  in  the  slotted  wind  tunnels  and  the  data  obtained 
in  the  interference-free  7x10  ft  wind  tunnel  since  the  model  wing  was 
obviously  too  large  for  the  small  model  lest  section. 

In  the  same  NACA  test  series  a  smaller  wing  having  a  similar  plan  and 
with  the  blockage  ratio  reduced  from  1.9  per  cent  to  0.7  per  cent  was  also 
tested  in  both  the  previously-defined  slotted  model  wind  tunnels  and  in  the 
full-scale  7  X  10  ft  wind  tunnel.  The  results  from  the  model  and  full-scale 
tunnel  tests  coincide  closely.^ 

In  these  same  tests  the  trend  of  the  drag  rise  due  to  lift  was  in  good  agree¬ 
ment  for  the  test  series  in  the  three  tunnels.  However,  the  results  were  not 
conclusive  for  the  absolute  level  of  the  drag  coefficient  through  the  Mach 
number  range,  conceivably  because  of  the  small  size  of  the  models  used. 

The  results  of  these  early  N.ACA  tests  indicate  that  the  slotted  wind  tunnel 
is  indeed  a  very  effective  means  of  eliminating  choking  and  reducing 
boundary  interference  effects  in  the  transonic  Mach  number  range.  Even 
with  large  wings  liaving  a  span  68  per  cent  of  the  tunnel  width,  the  test 
results  obtained  match  the  trend  of  the  interference-free  data  reasonably 
well  as  far  as  lift  and  pitching  moments  are  concerned. 

6.  Wing-fuselage  model  in  full-scale  slotted  test  section 

\  typical  fuselage-wing  model  w'ilh  a  45®  swept-back  wing  was  investi¬ 
gated  through  the  transonic  speed  range  in  lx)th  the  NAC.\  8  ft  transonic 
wind  tunnel  and  the  NACA  16  ft  wind  tunnel  at  Langley  Field.®  Two 
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Fk;.  10.10.  Lift  and  pitching  moment  coefficients  for  small  model  wing  in  NACA  slotted  test  section.^ 
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models  were  built,  the  small  one  having  a  fuselage  length  of  32.6  in.  and  a 
24  in.  wing  span  and  the  larger  one  having  a  fuselage  length  of  100  in. 
and  a  73  in.  wing  span  (Fig.  10.12).  The  blockage  of  the  small  model 
amounted  to  0.2  per  cent  in  the  8  f^  tunnel  and  0.04  per  cent  in  the  16  ft 
wind  tunnel.  The  blockage  of  the  large  model  in  the  16  ft  wind  tunnel 
was  0.38  per  cent.  Both  the  8  ft  and  the  16  ft  wind  tunnel  walls  were  of  the 
longitudinally  slotted  type.  The  8  ft  wind  tunnel  had  twelve  slots  for  an 
open-area  ratio  of  1 1  per  cent  (see  Ref.  7).  The  16  ft  transonic  wind  tunnel 
had  eight  slots  for  an  open-area  ratio  of  12.5  per  cent  (sec  Ref.  8).  The 
Reynolds  number  of  the  small  model  was  approximately  5.8x10®  based 
on  the  mean  aerodynamic  chord  of  the  model  wings. 
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Fig.  10.1 1.  Slopes  of  lift  and  pitching  moment  curves  as  function  of  Mach  number  for 
model  wing  in  slotted  test  section  at  zero  lift  coefficients 


Some  typical  measurements  of  the  aerodynamic  characteristics  of  the 
model  conhgurations  are  presented  in  Figs.  10.13-10.15.  The  correlation  at 
all  Mach  numbers  within  the  test  range  is  very  good.  Not  merely  the  general 
trends  of  the  aerodynamic  parameter  curves  but  also  the  quantitative  values 
are  reasonably  well  matched.  Only  in  the  case  of  the  pitching  moment 
characteristics  as  a  function  of  the  lift  coefficient  are  some  differences 
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Fio.  10.12.  Sketch  of  wing-fuselage  model  in  NACA  8  fl  transonic  wind  tunnel  tests. ^ 


Fig.  10.13.  Lift  coefficients  as  function  of  angle  of  attack  for  NACA  transonic 
wing-fuselage  model. ^ 
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between  the  measurements  of  the  large  and  small  models  noticeable  in  the 
Mach  number  range  near  Mach  number  one. 

A  cross  plot  of  the  drag  coefficients  for  the  same  models  at  0^  and  4® 
angle  of  attack  is  presented  in  Fig.  10.16.  .Agreement  among  all  three 
measurements  at  zero  angle  of  attack  is  very  good;  although  some  deviations 
occur  in  the  subsonic  Mach  number  range  below  0.9  at  4®  angle  of  attack. 
However,  in  the  transonic  speed  range  the  levels  again  coincide  satisfac¬ 
torily  at  this  angle  of  attack.  These  observed  drag  deviations  may  be  attri¬ 
buted  to  small  differences  in  lift  coefficient  occurring  during  the  various 
test  series.  In  the  supersonic  Mach  number  range  shock  interference  with 
the  drag  measurements  is  clearly  indicated  by  the  waviness  of  the  drag 
curves  in  this  speed  range.  Unfortunately,  in  the  large  16  ft  tunnel  the 
measurements  were  taken  only  to  Mach  numlxrr  1.07;  the  test  range  in  the 
8  ft  wind  tunnel  extended  to  Mach  1.13.  Thus  no  direct  comparison  is  pos¬ 
sible  in  the  supersonic  Mach  number  range  between  Mach  1.07  and  1.13. 


Fio.  10.14.  Drag  coefficient  as  function  of  angle  of  attack  for  jVACA 
transonic  wing-fuselage  model. ^ 

The  results  of  the  test  series  just  described  indicate  that  wall  interference 
in  tests  of  single-wing  and  tailless  airplane  configurations  in  the  transonic 
Mach  number  range  is  reasonably  small  with  respect  to  the  quantitative 
lift  and  moment  characteristics  and  the  general  trend  of  the  drag  curves. 
This  conclusion  is  valid  as  long  as  the  blockage  ratio  is  kept  below  0.38  per 
cent  and  the  “wing-tunnel  width”  ratio  is  lower  than  40  per  cent.  However, 
even  at  such  low  blockage  area  ratios,  some  supersonic  interference  effects 
are  clearly  noticeable  in  the  measured  drag  curves. 

It  should  be  remembered  that  the  models  used  in  these  test  series  were 
not  equipped  with  horizontal  tails  and,  consequently^  their  sensitivity  to 
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flow  curvature  effects  was  greatly  reduced.  At  the  present  time  there  are 
no  published  results  from  any  systematic  test  series  in  slotted  wind  tunnels 
which  would  permit  the  definition  of  wall  interference  from  complete  air¬ 
plane  models  having  horizontal  tail  surfaces  and  different  blockage  ratios. 

4.  TESTS  IN  PERFORATED  TEST  SECTIONS 
a,  '‘*^Wing-fusela^e^^  AGARD  model  in  model  and  full-scale  wind  tunnels 
The  AGARD  model  B,  which  consists  of  a  fuselage  with  cylindrical 
center  section  and  a  delta  wing,  was  tested  at  various  blockage  ratios  in  the 
transonic  model  tunnel  and  in  the  full-scale  16  ft  transonic  wind  tunnel  of 
the  AEDC.®do  Sketches  of  the  models  are  shown  in  Fig.  10.17.  One  model 
was  built  to  produce  per  cent  blockage  in  the  transonic  model  tunnel 


Fig.  10.16.  Drag  coefficient  as  function  of  Mach  number  for  0^  and  4'''  angle  of  attack 
for  ^ACA  transonic  wing-fuselage  model. ^ 

and  0.01  per  cent  blockage  in  the  full-scale  tunnel.  Another  larger  model 
had  a  blockage  of  1 . 1 5  per  cent  in  the  full-scale  tunnel.  The  Reynolds  numbers 
for  these  comparistm  tests  were  Re  =  0.9*10®  for  the  small  model  in  the  1  ft 
model  tunnel,  Re  =  0.5*10®  for  the  small  model  with  0.01%  blockage  in  the 
full-scale  16  ft  tunnel,  and  Re  =  4.2*10®  for  the  large  model  with  1.15% 
blockage  in  the  16  ft  tunnel.  (Reynolds  numbers  are  based  on  the  model 
fuselage  diameter.)  Both  the  model  tunnel  and  the  full-scale  tunnel  were 
equipped  with  differential-resistance  perforated  walls  having  an  open-area 
ratio  of  6  per  cent  (Ref.  1 1,  and  Chapter  8). 

Some  results  from  these  tests  for  lift,  pitching  moment,  and  drag  at 
several  Mach  numl^ers  are  presented  in  Figs.  10.18-10.20.  Agreement 
among  all  three  model  tests  is  within  acceptable  limits. 

The  drag  coefficient  and  the  slopes  of  the  lift  curve  and  the  pitching 
moment  curves,  tCtjc'ix  and  for  Cl  =  0,  are  presented  in  Fig. 

10.21  as  a  function  of  Mach  number.  In  general  the  agreement  is  reasonably 
good.  The  slight  variations  are  within  the  accuracy  of  the  testing.  This  fact 
is  particularly  remarkable  when  the  differences  in  Reynolds  numbers  men¬ 
tioned  above  are  taken  into  consideration. 
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b.  ^^Wing-fuselage^  horizontal  taiV^  AGARD  model  “C”  in  model  and  full-scale 
wind  tunnels 

The  same  models  which  were  tested  without  a  horizontal  tail  (described 
in  the  preceding  section — AGARD  model  B)  were  later  modified.  An 
elongation  of  the  cylindrical  fuselage  and  a  horizontal  tail  were  added  (see 
Fig.  10.17).  By  this  modification,  the  AGARD  models  C  become  more 
sensitive  to  flow  curvature,  and,  hence,  more  suitable  for  checking  the  wall 
interference  in  transonic  wind  tunnels.  The  two  models  built  for  this  test 
series  had  the  same  blockage  ratios  as  the  AG.\RD  model  B.  (Model 
tunnel:  2\  per  cent  blockage;  full-scale  tunnel:  O.Ol  and  1.15  per  cent 
blockage.) 


AGARO  MODEL  B 


Fig.  10.17.  AGARD  calibration  models  B  and  modified  C  {airfoil  surfaces — 
symmetrical  4%  circular  art).*® 

Typical  measurements  of  the  aerodynamic  characteristics  of  AGARD 
models  G  are  presented  in  Figs.  10.22-10.24.  The  curves  for  the  fore-drag 
coefficients  are  in  close  agreement  for  all  three  model  blockages  investi¬ 
gated,  but  the  lift  curves,  and  especially  the  moment  curves,  show  some 
differences  that  appear  to  grow  with  the  relative  size  of  the  models. 

The  increased  wall  interference  with  increased  model  blockage  is  also 
noticeable  on  the  curves  showing  the  lift  and  pitching  moment  slopes  and 
the  drag  coefficients  for  zero  lift  (see  Fig.  10.25).  Some  of  the  differences 
may  be  the  result  of  different  boundary  layer  development  along  the  models 
in  the  tvyo  wind  tunnels.  An  indication  of  such  a  boundary  layer  influence 
seems  to  be  noticeable  in  the  pitching  moment  results  for  subsonic  Mach 
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Fio.  10.18.  Lift  coefficient  curves  for  AGARD  model  B  in  model  and^  full-scale  perforated  test  sections. 
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Fig.  10.19.  Pitching  moment  curves  for  AGARD  model  B  in  model  and  full-scale  perforated  test  sections,^*^^ 
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Fig.  10.20.  Fore-drag  coefficunt  curves  for  AGARD  model  B  in  model  and  full-scale  perforated  test  sections.^ 
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numbers  (Fig.  10.23):  the  curves  for  pitching  moment  as  a  function  of  lift 
coefficient  exhibit  a  noticeable  »5-shape  in  the  case  of  the  small  model  in 
the  1  ft  tunnel;  the  curves  for  this  small  model  and  for  the  large  model  in 
the  full-scale  tunnel  do  not  show  a  similar  5-shape.  Such  5-shapes  in  pitching 
moment  curves  are  a  typical  indication  of  large  boundary  layer  influence 
on  the  aerodynamic  parameters. 

The  measurements  made  with  AGARD  models  C  do  not  indicate  strong 
wave  reflection  interference.  It  is  instead  apparent  from  the  gradual  and 
smooth  type  of  the  deviation  among  the  pitching  moment  curves  that 
widely  distributed  wall  interference  effects,  not  wave  reflections,  arc  prob¬ 
ably  responsible  for  the  observed  discrepancies. 


.6  .8  1.0  1.2  1.4  1.6 

MACH  NUMBER 


Ficj.  10.21.  Fore-drag  coefficients  and  slopes  of  lift  and  pitching  moment  curves  as 
function  of  Mach  number  for  AGARD  model  B  in  model  and  full-scale  test  sections,^ 

In  general,  however,  the  model  with  1.15  per  cent  blockage  exhibited 
lift,  pitching  moment,  and  drag  coefficients  which  coincide  reasonably 
well  with  the  measurements  obtained  with  the  interference-free  0.01  per 
cent  bU)ckage  models. 
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Fig.  10.22.  Lift  coefficient  curves  for  AGARD  model  C  in  model  and  full-scale  test  sections.^ 
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Fig.  10.23.  Pitching  moment  curves  for  AGARD  model  C  in  model  and  full-scale  perforated  test  seclions,^>^^ 
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Fig.  10.24.  Fore-drag  coejfficifnt  for  AGARD  model  C  and  full-scale  perforated  test  sections.^ 
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c.  Airplane  model  with  unswept  wing  and  horizontal  tail  surface  in  different  wind 
tunnels 

Two  different  sized  models  of  a  transonic  airplane  were  investigated 
through  the  transonic  speed  range  in  two  {perforated  wind  tunnels  at  the 
Cornell  Aeronautical  Lalxpratory  (Ref.  12).  These  models  had  straight 
unswept  wings  and  horizontal  tails  which  made  them  sensitive  to  changes 
of  flow  curv'ature.  One  model  was  built  with  a  6  in.  wing  span,  the  second 
with  an  18  in.  span. 
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Fig.  10.25.  Fore-drag  coefficient  and  slopes  of  lift  and  pitching  moment  curves  as 
function  of  Mach  number  for  AGARD  model  C  in  model  and  full-scale  perforated 
test  sections  at  zero  lift.^>^^ 


The  model  airplanes  were  tested  in  perforated  wall  wind  tunnels  3  x  4  ft 
and  1  X  1  ft  in  cross  section,  respectively.  The  small  model  had  a  blockage 
of  0.79  per  cent  and  a  ratio  of  wing  span  to  tunnel  width  of  0.50  in  the  small 
wind  tunnel  and  a  blockage  of  0.07  per  cent  and  a  wing  span  to  tunnel 
width  ratio  of  0.17  in  the  large  wind  tunnel.  The  larger  18  in.  wing  span 
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mcxlel,  tested  only  in  the  3  x  4  ft  transonic  tunnel,  had  a  blockage  ratio  of 
0.59  per  cent  and  a  ratio  of  wing  span  to  tunnel  width  or0.v50. 

Some  aerodynamic  parameters  determined  in  this  test  series  are  presented 
in  Figs.  10.26-10.28.  The  general  shape  of  the  lift,  pitching  moment,  and 
drag  cur\es  is  the  same  for  the  small  model  tests  in  both  the  I  ft  and  the 
4  ft  tunnels.  There  are,  however,  some  parallel  shifts  of  the  moment  and 


Fig.  10.26.  Ltyi  coefficient  curves  for  complete  airplane  model  with  horizontal  tail 
in  two  fjer/orated  transonic  wind  tunnels  of  Cornell  Aeronautical  Laboratory,  *  * 


MOMENT  COEFFICIENT,  C,„ 


Fig.  10.27.  Lift  coefficient  as  function  of  pitching  moment  coefficient  for  complete 
airplane  model  with  horizontal  tail  in  perforated  transonic  wind  tunnels  of  Cornell 
Aeronautical  Laboratory 

drag  curves  which  can  be  only  partially  explained  by  slight  differences  in 
the  set  Mach  number  of  the  tests. 

The  larger  18  in.  wing  span  model  was  later  tested  in  both  the  4  ft 
transonic  wind  tunnel  and  a  12  ft  subsonic  wind  tunnel.  In  the  latter  case 
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Fig.  10.28.  Drag  coefficient  for  complete  airplane  model  with  horizontal  tail  in  perform 
ated  transonic  wind  tunnels  of  Cornell  Aeronautical  Laboratory. 


Fig.  10.29.  Lift  and  pitching  moment  coefficients  at  subsonic  Mach  numbers  for 
complete  airplane  model  with  horizontal  tail  in  perforated  transonic  wind  tunnel  and 
subsonic  wind  tunnel  of  Cornell  Aeronautical  Laboratory. 
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the  wall  interference  was  negligibly  small  so  that  a  direct  comparison  of  the 
transonic  wind  tunnel  data  with  interference-free  data  was  obtained.  Some 
results  are  shown  in  Figs.  10.29  and  10.30.  The  agreement  among  the 
curves  for  lift,  pitching  moment,  and  drag  coefficients  is  excellent.  Not  only 
the  general  trends  of  the  curves,  particularly  in  the  region  close  *o  stall,  but 
also  the  quantitative  results,  arc  in  good  agreement. 

The  lift  curve  slope,  and  the  drag  coefficient  at  zero  lift  for  the 

three  configurations  arc  presented  in  Fig.  10.31  as  a  function  of  Mach 
numl>er.  For  this  comparison  the  test  results  for  the  lift  curve  slope  of  the 
small  model  in  the  4  ft  wind  tunnel  were  omitted  for  Mach  numbers  below 
0.90  because  of  some  unexplainable  irregularities  which  occurred  during 
the  testing.  The  general  trends  and  the  quantitative  results  for  the  lift  curve 
slopes  arc  in  good  agreement.  The  drag  coefficients  for  all  three  wings  also 


Fk;.  10.30.  Drag  coefficient  as  function  of  lift  coefficient  at  subsonic  Mach  numbers  for 
complete  airplane  model  ivith  horizontal  tail  in  perforated  transonic  wind  tunnel  and 
subsonic  wind  tunnel  of  Cornell  Aeronautical  Laboratory,  *  * 

coincide  reasonably  well.  However,  in  the  low  supersonic  range  some  wall 
interference  is  noticeable,  obviously  a  result  of  incomplete  cancellation  of 
wave  reflections  at  the  tunnel  wall. 

The  agreement  among  the  tests  with  the  v'arious  complete  airplane  models 
is  particularly  significant  because  the  unswept  wings  of  these  models  were 
expected  to  present  a  considerably  more  severe  problem  of  wave  reflection 
cancellation  over  a  larger  range  of  Mach  numl^r  than  would  models  with 
swepl-back  or  delta  wing  configurations. 

5.  COMPARISON  BETWEEN  WIND  TUNNEL  AND 
FLIGHT  TEST  RESULTS 

A  direct  comparison  between  the  aerodynamic  characteristics  of  an  airplane 
model  which  were  measured  in  a  transonic  wind  tunnel  and  those  of  the 
full-scale  airplane  which  were  measured  during  flight  is  possible  in  only  a 
few  instances. 
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In  the  case  of  a  typical  supersonic  airplane  with  the  wing  swept  back 
approximately  35®  and  the  tail  surface  likewise  swept  back  horizontally 
and  vertically,  the  Cornell  Aeronautical  Laboratory  could  obtain  such  a 
comparison. ^2  xhe  model  which  had  a  wing  span  of  18  in.  was  tested  in  the 
Cornell  3x4  ft  transonic  wind  tunnel  with  perforated  walls.  Some  of  the 
aerodynamic  characteristics  measured  during  both  the  wind  tunnel  and  the 
flight  test  are  discussed  in  the  following  paragraphs. 


Fui.  10.31.  Lift  curve  slope  and  drag  coefficient  for  zero  lift  as  function  of  Mach 
number  for  complete  airplane  model  with  horizontal  tail  in  perforated  transonic  wind 
tunnels  of  Cornell  Aeronautical  Laboratory 
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Agreement  in  the  lift  curve  slope  tCiicT.  is  very  good  (Fig.  10,32).  The 
pitching  moments  show  the  same  slope  change  above  Mach  0.90;  however, 
in  the  flight  tests  the  slope  levels  ofT  at  somewhat  smaller  values  than 

it  does  in  the  wind  tunnel  test.  Flight  data  are  in  good  agreement  with  the 
wind  tunnel  data  for  neutral  point  location  (cCml^Ci)  in  the  Mach  number 
range  slightly  al)ove  Mach  number  one  and  seem  to  fall  between  the  data 
obtained  from  the  Cornell  4  ft  wind  tunnel  tests  and  those  obtained  from 
the  B  ft  Langley  Field  transonic  wind  tunnel.  At  the  two  highest  Mach 


o 


MACH  NUMBER 


c.  Slope  of  moment  curve, 

Fio.  10.32  Ijon^itudinal  stability  parameters  for  su/jersonic  airplane  with  horizontal 
tail  at  transonic  Mach  numbers  for  f*erf orated  wind  tunnel  and  flight  tests  M 
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numbers,  1.1  and  1.15,  of  the  test  series;  however,  the  flight  test  points  show’ 
a  pronounced  deviation  from  the  curves  obtained  in  both  w^ind  tunnels 
though  the  two  wind  tunnel  curves  themselves  are  in  excellent  agreement. 

In  Fig.  10.33a  some  typical  measurements  of  the  yawing  stability  para¬ 
meters  of  the  airplane  are  shown.  In  the  wdnd  tunnel  tests  the  yawing 
moment  stability  parameter,  dCn/dp,  becomes  much  smaller  as  the  Mach 
number  approaches  one;  at  higher  Mach  numbers  a  step  recovery  to 
higher  values  was  exhibited.  The  flight  test  data  do  not  show  the  pronounced 
reduction  when  the  Mach  numl>er  approaches  one;  however,  they  do 
indicate  the  general  tendency  towards  larger  values  at  Mach  numbers 
slightly  alK)ve  one.  A  definite  explanation  of  this  discrepancy  is  not  available. 
The  differences  could  be  due  to  the  Reynolds  number  differences  between 
the  model  tests  (mean  aerodynamic  chord  of  only  4.7  in.)  and  the  full- 
scale  flight  tests.  This  explanation  seems  to  be  supported  by  transonic  data 
from  another  wind  tunnel  in  which  the  Reynolds  number  w'as  somewhat 
higher  than  in  the  Cornell  tests  though  it  was  still  lower  than  that  of  the 
flight  lest.  These  latter  tests  indicate  directional  stability  characteristics 
which  fall  between  the  flight  test  and  the  Cornell  wind  tunnel  test  results. 

The  general  trend  of  the  roll-stability  parameter,  agrees  reason¬ 

ably  well  (Fig.  10.33b),  particularly  beyond  Mach  number  one,  where  the 
lateral  stability  values  decrease  rapidly  in  both  the  wind  tunnel  and  the 
flight  tests.  This  trend  is  especially  evident  in  the  flight  test  results  at  a 
lift  coefficient  of  0.2.  How'ever,  the  graph  also  demonstrates  the  great 
difficulty  of  obtaining  measurements  with  a  high  degree  of  accuracy  during 
flight  testing.  The  scatter  of  the  flight  test  points  is  considerable  and  defi¬ 
nitely  much  greater  than  the  scatter  occurring  with  the  better  controlled 
conditions  of  wind  tunnel  testing. 

The  side  force  stability  parameter,  shown  in  Fig.  10.33c,  exhibits 

no  violent  changes  through  the  transonic  Mach  number  range.  The  trends 
of  lx)th  the  wind  tunnel  data  and  the  scattered  data  from  the  flight  tests 
show  reasonably  good  agreement. 


6.  CONCLUDING  REMARKS 

In  view  of  the  results  obtained  in  transonic  wind  tunnel  and  flight  testing, 
it  is  possible  to  state  that  even  with  wind  tunnel  models  having  an  18  in. 
wing  span  and  an  aerodynamic  chord  of  approximately  4  in.  it  was  possible 
to  predict  the  general  trends  and  the  critical  changes  of  the  aerodynamic 
parameters  for  the  complete  airplane  as  it  passed  from  high  subsonic  Mach 
numbers  through  sonic  speeds  to  supersonic  Mach  numbers.  This  fact  is 
particularly  remarkable  when  it  is  remembered  that  not  only  did  a  large 
difference  in  Reynolds  number  exist  between  the  wind  tunnel  and  the  flight 
tests,  but  that  the  flight  test  results  could  also  be  greatly  influenced  by 
aero-elasticity  effects.  By  using  larger  models  and  more  refined  methods 
(i.e.  by  applying  corrections  for  differences  in  Reynolds  number,  surface 
roughness,  aero-elasticity,  etc.),  it  appears  highly  possible  to  predict  reliably 
the  characteristics  of  the  full-scale  airplane  through  the  transonic  sp>ccd 
range  as  a  result  of  wind  tunnel  model  testing. 

It  is  suggested  that  as  a  general  rule  for  transonic  wind  tunnel  tests  the 
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Fio.  10.33.  Directional  stability  parameters  for  supersonic  airplane  with  horizontal 
tail  at  transonic  Mach  numbers  from  perforated  wind  tunnel  and  flight  tests. 
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models  should  not  exceed  a  blockage  ratio  of  1  per  cent.  For  precision 
measurements  the  blockage  ratio  should  be  kept  as  small  as  one-half  of 
1  per  cent  with  a  wing  span  not  exceeding  one-half  the  tunnel  width.  In 
addition,  the  model  length  is  often  a  critical  parameter,  particularly  when 
the  tail  surface  effectiveness  is  to  be  determined.  The  influence  of  tail  surface 
position  with  respect  to  the  location  and  w^idth  of  possible  reflected  wave 
bands  needs  careful  consideration  in  each  individual  case. 
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CHAPTER  11 


CROSS-FLOW  CHARACTERISTICS  OF 
PARTIALLY  OPEN  WALL  ELEMENTS 

1.  PHYSICAL  ASPECTS  OF  THE  FLOW  THROUGH 
PARTIALLY  OPEN  WALLS 

Numerous  theoretical  and  experimental  investigations  have  been  carried 
out  to  determine  the  pressure  drop  characteristics  of  transonic  wall  elements 
exposed  to  flow  into  and  out  of  the  test  section.  Before  these  various  studies 
are  discussed,  a  brief  review  of  the  wall  characteristics  required  for  inter¬ 
ference-free  testing  will  be  presented. 


a.  Requirements  for  transonic  test-section  walls 

As  p)ointed  out  in  the  preceding  sections,  the  wall  interference  in  transonic 
wind  tunnels  can  be  eliminated  or  minimi/ed  when  specific  predetermined 
characteristics  of  the  test-section  walls  are  established.  One  main  require¬ 
ment,  naturally,  is  that  characteristics  of  the  wall  be  reliably  predictable, 
either  theoretically  or  experimentally,  and  that  such  a  wall  consistently 
maintain  these  characteristics.  It  was  assumed  in  most  calculations  of  wall 
interference  that  the  walls  produce  a  linear  relationship  between  cross-flow 
velocity  and  pressure  drop.  This  requirement  must  be  satisfied,  not  only  for 
outflow  from  the  test  section  but  also  for  flow  into  the  test  section.  Since 
in  the  latter  case  low-energy  air  accumulated  in  the  plenum  chamber  flows 
into  the  test  section,  it  is  possible  to  approach  this  goal  in  the  case  of  inflow, 
only  by  means  of  special  configurations  such  as  walls  with  differential- 
resistance  geometry. 

Also  the  wall  disturbance  waves  which  are  generated  by  the  edges  of 
each  opening  must  decay  to  a  sufficiently  low  level  before  they  strike  the 
test  model.  This  requirement  usually  results  in  the  “small-grain”  wall 
openings  discussed  in  detail  later  in  this  section. 

Finally,  it  is  imp>ortant,  particularly  in  large  wind  tunnels,  that  the 
boundary'  layer  growth  along  the  walls,  that  is,  the  viscosity  effect,  be  kept 
reasonably  small.  This  growth  determines  decisively  the  power  require¬ 
ments  for  a  wind  tunnel,  and,  in  a  more  direct  manner,  the  amount  of 
auxiliary  suction  required  to  eliminate  undesirably  thick  boundary  layers 
along  the  test-section  walls. 

The  various  requirements  for  suitable  transonic  wind  tunnel  walls  are 
so  complex  that  only  by  using  the  orientation  of  theoretical  calculations  in 
conjunction  with  extensive  experiments  has  it  been  possible  to  develop 
suitable  wall  shapes  for  use  in  transonic  wind  tunnels. 
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b.  Basic  characteristics  of  different  types  of  walls 

lAingitudinally  Slotted  Wall, — In  the  absence  of  friction,  the  pressure  drop 
through  a  longitudinally  slotted  wall  exposed  to  straight  oblique  flow 
follows  a  quadratic  relationship  (see  Chapter  8).  This  result  is  easily  under¬ 
stood  since  only  the  velocity  component  perpendicular  to  the  wall  produces 
a  pressure  change  similar  to  the  flow  through  an  orifice.  It  has  also  been 
shown  that  with  a  slotted  wall  a  pressure  change  is  produced  which  depends 
upon  the  curvature  of  the  flow  approaching  the  wall  (sec  Chapter  5). 
Besides  these  two  pressure  change  components,  an  additional  pressure  drop 
is  caused  by  viscous  forces.  Experiments  have  shown  that  the  viscosity  effect 
is  predominant  when  the  flow  angle  is  small  with  respect  to  the  wall  and 
when  no  appreciable  flow  curvature  exists. 

The  total  pressure  drop  through  a  wall  with  longitudinal  slots  can  be 
represented  by  the  equation; 

A/>  cO 

-  =  Ai^ -j- +  As - 

q  d{xlh) 

where  h  =  distance  between  slot  centers.  With  typical  longitudinally 
slotted  walls,  the  constants  in  the  above  equation  have  approximate  magni¬ 
tudes  of  Ai  =a  0.50  and  A2  =  thus  the  linear  term  predominates  for 
wall  angles  up  to  10°. 

In  the  vicinity  of  impinging  shocks  pure  longitudinally  slotted  walls 
develop  a  strong  flow  recirculation  that  is  very  detrimental  to  effective 
wave  cancellation.  By  means  of  corrugated  sheets  placed  in  each  slot  or  by 
perforated  cover  plates,'  this  recirculation  can  be  largely  eliminated; 
combined  “perforated-slotted”  walls  have  been  found  to  produce  satis¬ 
factory  results  in  transonic  testing. 

Porous  Walls, — Walls  made  of  a  porous  material  have  cross-flow  charac¬ 
teristics  of  a  linear  type.  In  this  case  the  pressure  drop  is  produced  mostly 
by  friction  in  the  narrow  channels,  and  the  dynamic  effects  are  practically 
eliminated.  It  has  been  shown  that  the  pressure  drop  for  such  walls  is  directly 
proportional  to  the  mass  flow  through  the  wall: 

—  A  Tflfgy 

where  may  =  mass  flow  per  unit  area  through  the  porous  wall.  With  some 
transformation,  the  pressure  drop  can  also  be  expressed  in  the  following 
manner: 

^p!q<xi  =  {h\lv<x>)6 

This  equation  indicates  that,  as  desired,  porous  walls  produce  a  pressure 
drop  coefficient  proportional  to  the  flow  inclination  6,  However,  as  indi¬ 
cated,  the  pressure  drop  coefficient  also  depends  u|X)n  the  velocity  of  the 
undisturbed  flow  in  the  test  section.  This  very  undesirable  characteristic 
postulates  that,  for  each  velocity  in  the  test  section,  a  different  geometry 
of  the  porous  wall  is  necessary  to  maintain  a  constant  ratio  of  ^plq^.  In 
addition,  practical  difficulties  could  arise  from  the  fact  that  the  narrow 
channels  in  the  porous  walls  might  have  a  tendency  to  clog  up  and  would 
then  require  frequent  cleaning. 

As  a  consequence  of  these  disadvantages,  not  many  test  results  for  wind 
tunnel  walls  of  this  type  have  been  published. 
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Thin  Perforated  Test-Section  Walls, — When  a  perforated  wall  is  placed  at 
a  large  oblique  angle  in  parallel  floWy  a  pressure  drop  is  produced  which 
closely  follows  a  quadratic  law.  As  Pindzola  (Sverdrup  and  Parcel,  Inc.) 
showed,  the  pressure  drop  through  a  perforated  w'all  is  given  by  the  equation: 

=  Ap  s\i\-6 

where  K'p  =  pressure  drop  coefficient  when  the  plate  is  positioned 

perpendicular  to  the  ffow  (^  =  90°). 

I'xperimental  data  obtained  with  a  perforated  wall  having  approx¬ 
imately  22  per  cent  open-area  ratio  and  J  in.  diameter  holes  in  0.040  in. 
thick  walls  are  shown  in  Fig.  11.2.  The  quadratic  law  holds  between  the 
limits  presented,  that  is,  from  15°  to  90°.  However,  in  the  case  of  smaller 
angles  of  attack — which  are  of  primary  interest  in  transonic  wind  tunnel 
testing — these  test  data  are  not  conclusive,  and  more  refined  experiments 
are  required  for  the  angle-of-attack  range  which  is  of  particular  interest  in 
wind  tunnel  testing. 

When  oblique  ffow  approaches  a  perforated  wall  at  small  angles,  it  can 
be  exp>cctcd  that  the  solid  wall  elements  will  act  as  wing  elements  and  will 
produce  lift.  This  characteristic  becomes  obvious  when  an  idealized  perfor¬ 
ated  wall  is  replaced  by  a  wall  with  numerous  transverse  slots.  Such  a  wall 
behaves  exactly  as  the  lattice  which  has  been  extensively  investigated  for 
use  with  compressor  and  turbine  developments.  At  small  angles  of  attack 
such  lattices  are  known  to  produce  a  lift  (equivalent  to  a  pressure  drop 
through  the  wall)  which  is  proportional  to  the  angle  of  attack  of  the  lattice 
with  respect  to  the  approaching  ffow.  Also,  at  large  angles  of  attack  such 
lattices  produce  an  additional  pressure  drop  which  is  pro]X)rtioiial  to  the 
square  of  the  cross-flow  velocity.  The  total  pressure  drop  through  a  perfor¬ 
ated  wall  can  then  be  represented  by: 

A/>/^ao  =  hd 

Usually  this  linear  term  is  sufficient  to  represent  the  behavior  of  perforated 
walls  in  transonic  wind  tunnel  testing. 

According  to  the  lattice  theory  the  linear  relationship  of  the  cross-flow 
coefficient  can  be  expected  to  apply  only  in  cases  of  small  viscosity  effects. 
When  viscosity  effects  become  large — for  instance,  when  the  ratio  of  bound¬ 
ary  layer  thickness  to  the  area  of  the  walls  becomes  large — significant 
deviations  from  the  linear  law  can  be  expected.  These  deviations  are  equiv¬ 
alent  to  the  behavior  of  single  wings  at  low  Reynolds  number  where  thick 
boundary  layers  occur  along  the  wing  surfaces. 

Thick  Perforated  Walls, — When  the  thickness  of  perforated  walls  is  large  in 
comparison  with  the  diameter  of  the  wall  openings,  the  individual  wall 
elements  can  no  longer  act  as  the  individual  wings  of  a  lattice,  and  therefore 
considerable  deviation  from  the  oliserv'ed  laws  occurs  (see  Fig.  11.1).  Besides 
impairing  the  lift-producing  circulation  of  each  wall  element,  thick  walls 
tend  to  guide  the  cross  ffow  like  channels.  Then  in  the  absence  of  viscosity 
effects,  the  walls  may  produce  a  pressure  rise  instead  of  a  pressure  drop 
because  these  individual  channels  may  act  as  diffusers.  This  effect  can  be 
expected  particularly  when  the  inlet  to  each  individual  hole  is  rounded  so 
that  ffow  separation  at  the  inlet  is  avoided.  Usually  no  pressure  recovery 
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VERY  THIN  WALL 


THICK  WALL 


i 


POROUS  WALL 


THICK  WALL 
LOW  INLET  LOSSES 


^xyxyxyx>0<yxxx^ 

AP*  CONSTANT  X  MASS  FLOW 


PRESSUM  CHANOE  — 

(pressure  rise  for  SMALL  B) 
Flo.  11.1  Various  types  of  partially  open  walls. 


Fio.  11.2.  Pressure  drop  of  perforated  wall  through  large  range  of  flow  inclination 
angles  (ref  Pindzola^  Sverdrup  and  Parcel^  Inc,), 
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occurs  at  the  exit  of  the  individual  holes  as  a  result  of  the  abrupt  change  of 
cross  section.  For  such  cases,  when  viscosity  effects  arc  neglected,  the 
pressure  change  can  be  written: 

^P  1 

—  =  —  sin2^-l 

go, 

where  a  minus  sign  indicates  that  the  pressure  change  is  a  pressure  rise. 

It  is  apparent  from  this  equation  that  with  thick  perforated  walls  the 
pressure  drop  characteristic  will  not  be  as  steep  as  in  the  case  of  thin  walls 
with  otherwise  equal  geometry.  Furthermore,  under  certain  circumstances, 
irregularities  may  be  expected  which  might  lead  to  a  pressure  rise  instead  of 
to  the  normal  pressure  drop  which  occurs  when  flow  passes  such  a  wall. 
The  limits  for  the  transition  from  “aerodynamically  thin”  walls  to  acceptably 
thick  walls  cannot  be  readily  determined  by  theory  alone.  In  a  number  of 
systematic  experiments,  however,  the  influence  of  wall  thickness  on  transonic 
testing  has  been  thoroughly  explored. 


2.  THEORETICAL  CALCULATIONS  FOR  THE  PRESSURE  DROP 
THROUGH  PERFORATED  WALLS 

Several  theoretical  studies  of  the  pressure  drop  of  cross  flow  through  perfor¬ 
ated  walls  have  been  conducted  for  both  subsonic  and  su|>crsonic  flow. 

In  most  of  these  calculations  the  assumptions  are  made  that  the  flow  is 
non-viscous  and  that  potential  flow  exists  on  both  sides  of  the  perforated 
wall;  that  is,  at  the  test-section  side  and  the  plenum  chaml>er  side.  In  the 
case  of  outflow  from  the  test  section  into  the  plenum  chamber,  these  assump¬ 
tions  should  not  cause  the  calculated  pressure  distribution  along  the  test- 
section  side  of  the  walls  to  differ  significantly  from  the  actual. 

In  the  case  of  inflow  from  the  plenum  chamber  into  the  test  section,  the 
assumptions  are  not  applicable.  Most  significantly,  the  total  pressure  of  the 
flow  from  the  plenum  chamber  is  equal  to  the  mean  static  pressure  of  the 
plenum  chamber,  which  is  considerably  smaller  than  the  total  pressure  of 
the  test-section  flow.  No  adequate  theoretical  calculations  have  been  pub¬ 
lished  to  define  quantitatively  the  pressure  drop  through  a  wall  for  inflow 
conditions. 


a.  Thin  wall  with  single  transverse  slot  in  incompressible  flow 

The  flow  field  and  the  disturbance  velocities  have  been  calculated  in 
Ref.  2  for  a  wall  having  a  single  transverse  slot.  In  these  e.xtrcmely  simplified 
calculations  it  is  demonstrated  that  the  essential  boundary  conditions  for  a 
thin  transverse  slotted  wall  are  similar  to  those  of  a  flat  plate  with  lift. 
When  the  disturbance  velocity  potential  of  the  single  slot  is  multiplied  by 
the  imaginary  number  i  =  ^he  disturbance  potential  of  a  flat  plate 

in  oblique  flow  is  obtained  (see  Fig.  1 1.3).  In  the  case  of  the  flat  plate,  the 
condition  of  the  circulation  corresponding  to  the  lift  of  the  wing  must  then 
be  introduced.  In  the  case  of  the  single  slot,  the  condition  of  smooth  flow 
at  the  upstream  edge  of  the  slot  is  introduced,  and  thus  the  circulation  is 
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defined  (Kutta  condition).  The  distur!)ance  velocity  potential  of  the  single 
slot  is  then  obtained: 


2 


TT 


(c4  SINGLE  SLOT  IN  POTENTIAL  FLOW 
DISTURBANCE  POTENTIAL(^,  (Z) 

Vo« 


.T-Vx, 


2-X+IY 


DISTURBANCE  VELOCITIES;  •  V,, -ly, 

BOUNDARY  CONDITIONS  yO,  |«|<l,  V*, -CONSTANT 
yO,  l«l>l,  Vy,-0 


(b)  MODIFIED  POTENTIAL  FLOW 
DISTURBANCE  POTENTIAL^ 


Z-X-FiY  "* 


^Y 

MODIFIED  DISTURBANCE  VELOCITIESi  •  V, “iVy^-Vy +  |V 

BOUNDARY  CONDITIONS:  yO,  |*|<l,  Vy^  - -CONSTANT 

yO.  W>l  .  V,^-Vy^*0 

BOUNDARY  CONDITIONS  SATISFIED  BY  FLAT  PLATE  IN 
PERPENDICULAR  FLOW 


Fig.  1 1.3  Potential  flow  relationships  for  single  transverse  slot.^ 


Here  f  is  a  complex  variable  connected  with  z  =  Ar-f  (y  the  real  plane 
hy  Z  =  l/f).  The  mean  vertical  velocity  over  the  slot  area  Vh  is  deter¬ 

mined  in  such  a  manner  that  the  continuity  equation  is  satisfied,  that  is: 

Vydx  =  VhW 

where 


w  =  slot  width 

From  this  equation  the  distribution  of  the  disturbance  v'elocities  Avy  and 
Avx  along  the  wall  and  across  the  slot,  and  the  pressure  in  the  plenum 
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chamber,  can  be  easily  determined.  It  is  found  that: 

Slot  Area  {y  =  0) 


Solid  Wall  (y  =  0) 


.  ,  2  £<a  1  A/> 

= - -  - - 

TT  Voo  2,  ^00 


AvIVao 


_  2^/H^Y 

TT  1^00  \1  —X  / 


2  r^/Ar-f  1\* 

^Vlvoo  - - —  -  1 

TT  V<3o\X—  1/ 


Al'y  =  0 


- r 

1 

K 

1 

A 

OJSTURpANCE  VELOCiTCS'Vy 
(yO) 

J 

Fig.  11.4.  Disturbance  velocity  distribution  and  streamline  pattern  for  wall  with 

single  transverse  slot.^ 
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and  for  the  cross-flow  pressure  drop  (positive  sign  for  pressure  drop) : 

4 

= - 

TT  Woo 

The  disturbance  velocities  along  the  wall  were  determined  from  these 
equations;  their  distribution  is  sho^vn  in  Fig.  1 1.4.  As  required,  the  upstream 
edge  of  the  slot  acts  like  the  trailing  edge  of  a  wing,  that  is,  the  flow  is  parallel 
to  the  wall  surface  in  this  area.  The  downstream  edge  of  the  slot  acts  like 
the  leading  edge  of  a  wing  exp)osed  to  oblique  parallel  flow.  According  to 
this  physical  flow  picture,  increased  axial  velocities  occur  along  the  wall 
upstream  of  the  slot,  and  reduced  axial  velocities  occur  downstream  of  the 
slot.  Along  the  plenum  chamber  side  of  the  wall,  the  static  pressure  is 
constant  and  corresponds  in  magnitude  to  the  constant  disturbance  velocity 
Awjr  over  the  slot  width. 

b.  Thin  wall  with  single  transverse  slot  in  compressible  subsonic  flow 

The  results  obtained  for  a  single  transverse  slot  in  incompressible  flow 
can  be  made  applicable  to  compressible  subsonic  flow  by  means  of  the 
Prandtl-Glauert  approximation  for  flow  with  small  perturbations.  Accord¬ 
ing  to  the  generalized  correlation  rulc,^  the  disturbance  velocities  in  the 
X  direction  and  the  disturbance  pressures  are  increased  by  the  factor 
1/(1— Af^);  the  disturbance  velocities  in  the  j  direction  are  increased 
by  1/(1— A/2)*.  Consequently  the  basic  relationship  for  the  pressure  drop 
through  a  wall  having  a  single  slot  can  be  represented  by: 

^00  (1 -A/2)»7rWoo 

It  can  be  seen  that  the  pressure  drop  through  a  transverse  slot  increases 
with  the  Prandtl  factor  1/(1  —  A/2)*.  Naturally,  as  in  other  linearized 
compressible  flow  problems,  this  relationship  does  not  hold  true  in  the  Mach 
number  one  range.  Also,  since  viscosity  effects  are  not  considered,  the  slot 
width  must  be  large  in  comparison  with  the  local  boundary  layer  thickness 
if  good  correlation  between  theory  and  experiment  is  to  be  obtained. 


c.  Thin  walls  tnth  series  of  transverse  slots  in  subsonic  flo  w 

If  the  distance  between  individual  slots  is  large  in  comparison  with  the 
slot  widths,  as  is  the  case  with  small  open-area  ratios,  the  same  relationship 
derived  previously  for  the  single  slot  will  hold  true  since  the  interaction 
between  the  Individual  slots  is  negligibly  small.  In  other  w'ords,  the  pressure 
drop  through  a  wall  with  several  lateral  slots  may  be  presented  as: 

\p  \  A  Vk 

^00  (  1  —  iV/2)  *  TT  Too 

where  Vh  is  again  the  mean  vertical  velocity  in  the  open  slot  area.  Then  if 

243 


TRANSONIC  WIND  TUNNEL  TESTING 

the  velocity  Vy  and  the  flow  inclination  d  at  large  distances  from  the  wall 
are  introduced: 

Ip  14  1 

_  - - e 

qa,  (1-Af2)*7r/? 

If,  however,  the  open-area  ratio  between  the  individual  slots  can  no 
longer  be  considered  small,  as  is  the  case  with  walls  having  large  open-area 
ratios,  the  interaction  between  the  individual  slots  becomes  appreciable, 
and  the  above  simple  relationships  no  longer  hold  true.  A  thin  wall  with 
numerous  transverse  slots  may  be  treated  as  a  lattice,  and  each  wall  element 
between  two  slots  may  be  considered  to  be  a  lifting  wing  (see  Fig.  1 1 .5) 


Fig.  11.5.  Sketch  of  lattice  with  small  stagger  angle. 

The  flow  inclination  and  lift  coefficients  of  a  lattice  with  a  stagger  angle 
of  90°  have  been  determined  in  Ref.  4  by  means  of  conformal  mapping. 
For  each  such  wing,  the  lift  coefficient  is  obtained  from  the  following 
equation : 

Cl  =  KL2n{s\nd*){v<xf'lvoo)^ 

with : 

2  1  /tt  \ 

Kl  - - cotj-/?) 

ttI-/?  \2  / 


and  the  circulation  around  each  wing  from: 

r  =  iTV^f^cKL^tnd* 

where  c  =  chord  length  of  elementary  wing.  In  these  equations  all  terms 
with  an  asterisk  represent  the  mean  conditions  in  the  plane  of  the  lattice 
itself. 

By  applying  simple  laws  of  incompressible  aerodynamics  and  after 
transformation : 

Disturbance  Velocity  in  Flow  Direction  in  Slot  Area. — 

^Vx  /rr  V  Vf^  irr  \ 

- =  sin  cot|-/?|  =  R - cot(-/?| 

l/oo  \2  /  Toe  \2  / 
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Pressure  Drop  of  Cross  Flow  through  Wall, — 


^plgao  ==  2  sin  cot 


with 


/  rr  V 

=  2^— cotj-/? 

'2  / 


A"  =  2R  cot 


(-/) 


I’oo 


For  compressible  subsonic  flow,  the  factor  A'  can  be  written®: 


A'  =  a:u/(1-^^-)*  =  0 

where  Km  is  the  value  of  K  at  zero  Mach  number.  These  same  equations 
are  also  derived  in  Ref.  5. 


Fio.  1 1.6.  Pressure  drop  for  cross  flow  through  wall  with  lateral  slots  from 
lattice  theory. 

The  results  of  the  above  theoretical  calculations  are  plotted  in  Fig.  1 1.6. 
.\s  before,  the  wall  cross-flow  coefficient  is  A*  =  4/7r  for  small  open-area 
ratios  up  to  approximately  20  per  cent;  for  larger  open-area  ratios  the  cross- 
flow  coefficient  rapidly  decreases  in  magnitude.  For  a  wall  with  a  50  per 
cent  open-area  ratio,  for  instance,  the  coefficient  is  only  K  =  1.00,  that  is, 
approximately  78  per  cent  of  the  value  for  small  open-area  ratios.  The 
constant  approaches  zero  as  /?  ->  1,  that  is,  in  the  case  of  the  completely 
open  wall. 
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d.  Single  transverse  slot  in  wall  with  separated  flow  on  the  plenum  chamber  side 
{subsonic  flow) 

In  the  preceding  sections  it  was  assumed  that  the  thin  transversally  slotted 
wall  is  placed  in  a  parallel  oblique  flow  and  that  potential  flow  without 
flow  separation  exists  on  both  sides  of  the  test-section  wall.  Another  theor¬ 
etical  study  was  conducted®  in  which  the  more  realistic  assumption  was 
made  that  the  flow  separates  at  the  plenum  chamber  side  and  that  free¬ 
boundary  jet  streamlines  originate  from  each  slot. 

Thin  Walls, — Some  signifleant  streamlines  for  this  flow  pattern  are 
shown  in  Fig.  11.7a.  At  the  upstream  edge  of  the  slot  the  flow  separates 


Fig.  11.7.  Strearrdine  pattern  for  cross  flow  through  wall  with  single  transverse  slot 
and flow  separation  on  plenum  chamber  side,"^ 

and  forms  a  free-jet  streamline  witli  a  boundary  pressure  equal  to  the  static 
pressure  in  the  plenum  chamber.  Further  downstream  in  the  test  section, 
a  dividing  streamline  is  formed  with  a  stagnation  point  at  the  wall.  Starting 
at  this  point,  the  flow  proceeds  forward  against  the  main  wind  tunnel  flow, 
separates  at  the  edge  of  the  slot,  and  proceeds  into  the  plenum  chamber  to 
form  another  free-jet  lx)undary  streamline.  It  is  believed  that  this  flow 
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picture  corresponds  more  closely  to  the  real  flow  conditions,  and  the  study, 
therefore,  serves  as  a  check  on  the  previous  more  simplified  calculations.  As 
in  the  previous  treatment  of  a  single  slot  (Section  2a  of  this  chapter)  the 
pressure  drop  was  again^ : 

^p|qcc  =  (4/jr)(i'*/t'oo) 

Since  the  two  calculations  for  walls  with  a  single  transverse  slot  arrive 
at  the  same  result,  it  may  be  expected  that  the  preceding  calculations  for 
rnulti-slotted  walls  will  also  give  a  sufficiently  accurate  prediction  of  the 
pressure  drop  through  the  wall. 

These  calculations  assume  potential  non-viscous  flow,  and  the  results 
arc  given  for  small  flow  velocities  through  the  wall,  that  is,  for  linearized 
flow  only.  For  higher  cross-flow  velocities  through  the  wall  the  higher-order 
terms  of  the  theory  will  cause  deviations  which  may  be  approximated  by 

A/l/^oo  =  {^ln){vHlVao)^  h\{VhlVcx>y 

Thick  Walls, — In  Fig.  11.7b,  the  streamline  pattern  is  presented  for  a 
very  thick  wall  with  a  single  transverse  slot.  Again  the  separated  flow 
forms  a  free-jet  streamline  at  the  upstream  edge  of  the  slot.  On  the  douTi- 
stream  edge,  however,  the  flow  proceeds  along  the  side  wall  of  the  slot 
after  it  has  perhaps  formed  a  small  separated  flow  area  near  the  down¬ 
stream  edge  of  the  slot. 

In  either  case  of  flow  through  thin  or  thick  walls,  the  hodograph  repre- 
scnUition  of  the  velocity  field  along  the  walls  and  along  the  free  streamlines 
results  in  ver\'  simple  curves.  They  are  either  straight  lines  corresponding 
to  the  flow  along  the  surfaces  of  the  wall  and  the  slot,  or  they  are  arcs  corres¬ 
ponding  to  the  free-jet  boundaries  having  constant  velocities.  Because  of 
mathematical  difficulties,  no  successful  treatment  for  the  thick  wall  has 
been  published  to  date. 

e.  Perforated  walls  with  circular  holes 

The  preceding  calculations  have  been  carried  out  for  walls  with  two- 
dimensional  transverse  slots.  No  calculations  have  been  published  for  walls 
with  more  confined  opKrnings  such  as  circles,  squares  or  triangles.  However, 
the  main  phv'sical  aspects  of  flow  through  a  wall  with  circular  holes,  or  holes 
with  other  shapes,  should  be  similar  to  those  of  flow  through  a  wall  with 
transverse  slots.  Again,  a  “leading  edge”  effect  will  occur  on  the  downstream 
edge  of  the  holes,  and  a  “trailing  edge”  effect,  establishing  the  “Kutta” 
condition,  will  occur  on  the  upstream  edge.  The  wall  elements  between  the 
openings  may  be  assumed  to  act  like  wings  with  a  small  aspect  ratio.  Such 
walls  will  therefore  develop  a  smaller  pressure  drop  than  walls  with  trans¬ 
verse  slots  which  act  similar  to  wings  of  an  infinitely  large  aspect  ratio. 

f.  Perforated  walls  in  supersonic  flow 

When  a  perforated  wall  is  replaced  by  a  wall  with  transverse  slots,  the 
pressure  drop  in  cross  flow  through  such  a  wall  can  be  readily  determined 
using  the  method  of  characteristics  and  the  oblique  shock-wave  theory.  As 
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shown  in  more  detail  in  Chapter  8,  the  pressure  drop  through  a  transversally 
slotted  wall  in  supersonic  flow  was  found  to  be: 


2 

900  (M2-1)* 


2 


= - (1- 

(A/2-1)*' 

=  A'(pl')*/(pp)oo 


where  0  =  flow  angle  upstream  of  the  wall 
R  =  open-area  ratio  of  the  wall. 

Because  of  linearization  of  the  flow  characteristics,  this  equation  may  he 
expected  to  apply  only  at  Mach  numbers  which  arc  sufficiently  higher  than 
Mach  number  one.  In  the  immediate  vicinity  of  sonic  speed,  the  real  flow 
characteristics  will  cause  the  factor  K  to  reach  a  finite  plateau  instead  of 
tending  toward  infinity.  As  a  consequence,  in  supersonic  flow,  a  perforated 
wall  of  given  geometry  will  not  satisfy  the  requirements  for  interfcrcncc-frcc 
testing  through  the  entire  Mach  number  range.  In  the  immediate  vicinity 
of  Mach  one  a  smaller  op)cn-area  ratio  must  be  employed  in  order  to  estab¬ 
lish  the  high  cross-flow  resistance  required  by  flow  theory. 

3.  EXPERIMENTS  TO  DETERMINE  THE  CROSS-FLOW 


CHARACTERISTICS  OF  PERFORATED  WALLS 


A  large  number  of  experiments  have  been  carried  out  in  order  to  verify 
and  supplement  the  theory'  concerning  the  cross-flow  characteristics  of 
perforated  walls.  Such  experiments  covered  a  wide  range  of  wall  geometry, 
in  which,  among  other  parameters,  the  hole  arrangements,  wall  thickness, 
hole  orientation,  etc.,  were  varied  as  were  the  Mach  number  and  viscosity 
effects.  Some  typical  experimental  results  arc  discussed  in  the  following 
sections. 

a.  Simple  types  of  perforated  walls  in  low-speed  flow  (A/  =  0.05)  wall  with 
transverse  slot 

Since  theoretical  investigations  (see  Section  2  of  this  chapter)  had  pre¬ 
dicted  quantitatively  the  behavior  of  a  single  transverse  slot  in  a  thin  wall, 
some  early  experiments  were  performed  to  verify  the  theoretical  results  in 
a  low-speed  (A/  =  0.05)  w^ind  tunnel. ^  Various  cross-flow  v’clocitics  were 
produced  by  varying  the  pressure  in  the  plenum  chamber  which  surrounded 
the  test  wall.  In  this  manner,  outflow  from  and  flow  into  the  test  section 
could  be  established. 

First,  the  pressure  distribution  along  the  wall  upstream  and  downstream 
of  the  slot  was  determined  and  the  data  compared  with  the  theoretical 
results  (see  Fig.  11.8a).  The  agreement  between  theoretical  and  experi¬ 
mental  data  is  remarkable.  Upstream  of  the  slot  the  pressures  arc  lower 
than  in  the  parallel  flow;  higher  pressures  exist  downstream  of  the  slot.  The 
theoretical  assumptions  made  in  the  simplified  theory’  are  therefore  compat¬ 
ible  with  real  flow,  and  consequently,  good  agreement  can  also  be  expected 
in  the  case  of  the  pressure  drop  characteristics. 


248 


CROSS-FLOW  CHARACTERISTICS  OF  WALL  ELEMENTS 

'Fhc  pressure  change  caused  by  the  cross  flow  througli  the  single  slot  • 
described  above  is  shown  in  Fig.  11.8b.  The  experiments  prove  definitely 
that  the  pressure  drop  characteristic  is  of  the  linear  type.  However,  the  slope 
ol'  the  curve  is  somewhat  larger  than  linear  theory  predicts,  even  when 
quadratic  terms  for  the  pressure  change  are  taken  into  consideration. 


Fig.  1 1 .8a.  Disturbance  velocity  distribution  along  wall  with  single  transverse 
slot  (M  =  0.05).^ 

It  is  significant  that  even  in  the  case  of  flow  into  the  test  chamber,  that  is, 
at  a  condition  for  which  the  theory  is  not  expiected  to  apply,  the  linear 
relationship  still  exists. 

Walls  with  a  Single  Hole  and  Various  Types  of  Perforations, — In  the  same  test 
series,  the  characteristics  of*  a  wall  with  a  single  large  hole  and  several 
truly  perforated  walls  with  many  holes  were  investigated  at  a  subsonic 
Mach  number  of  approximately  0.05. 

The  single  hole  had  a  diameter  of  2.26  in.  in  a  test  section  4  in.  wide. 
.\s  was  the  case  with  the  single  slot,  the  cross-flow  characteristics  of  the 
single  hole  exhibit  a  linear  trend  (Fig.  11.9).  The  cross-flow  pressure  drop, 
however,  is  somewhat  smaller  than  for  the  single  slot. 

’’Fhe  cross-flow  results  for  the  four  [perforated  walls  with  open-area  ratios 
varying  between  20  and  37  per  cent  show  the  same  linear  trend  as  the  other 
extremely  idealized  configurations  (single  slot  and  single  hole,  Fig.  11.9). 
The  average  cross-flow  pressure  drop  for  the  perforated  walls  may  be  re¬ 
presented  by: 

\plq  =  1.0(CA/Cao) 

The  results  for  all  perforated  walls  coincide  quite  well.  Apparently  the 
interference  between  individual  holes  has  small  influence  within  the  range 
of  op)cn-area  ratios  tested. 
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Fig.  1 1.8b.  Cross-flow  characteristics  of  single  transverse  slot  (A/  =  0,05),^ 


Fig.  1 1.9.  Cross-flow  characteristics  of  various  perforated  walls  (A/  =  0.05),^ 
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If  the  pressure-drop  characteristic  is  related  to  the  velocity  Vy  perpen¬ 
dicular  to  the  perforated  wall  and  at  some  distance  from  the  wall,  the 
following  equation  is  obtained : 

=  \.0{\IR)ivylvoc)  =  \X)i]/R)0 

where  R  =  open-area  ratio  of  the  wall 
6  =  flow  angle. 

Again  it  should  be  noted  that  in  the  range  of  inflow  to  the  test  section  the 
linear  relationship  holds  approximately  true;  however,  some  pronounced 
differences  l>ctwccn  the  individual  walls  are  apparent.  Unfortunately  no 
measurements  arc  reported  for  the  boundary  layer  thickness  along  these 
test  walls.  In  the  light  of  later  experiments  (see  Section  4  of  this  chapter), 
it  may  l>c  assumed  that  the  l)oundary  layer  thickness  was  not  larger,  but 
probably  smaller,  than  the  diameter  of  the  individual  holes.  Also  the  holes 
tested  in  this  series  were  consistently  larger  than  the  thickness  of  the  wall, 
with  the  ratio  of  hole  diameter  to  wall  thickness  varying  between  1.1  and 
1.7.  As  shown  later,  the  small  boundary  layer  thickness  in  conjunction  with 
the  relatively  large  holes  was  probably  instrumental  in  establishing  the 
linear  characteristics  of  the  perforated  walls  in  the  above  test  series. 

h,  Mach  number  influence  of  cross-flow  characteristics  of  perforated  walls  (see  also 
Section  4c  of  this  chapter) 

Subsonic  Ranqe. — Several  test  series  have  been  performed  to  investigate 
the  influence  of  Mach  number  on  the  cross-flow  characteristics  of  perforated 
walls.  Typical  results  of  one  such  investigation  are  shown  in  Fig.  11.10 


Fig.  1 1. 10.  Crossflow  characteristics  of  fierforated  wall  at  difleretit  subsonic 
Mach  numbers.^ 
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(Ref.  8).  In  this  case  the  test  wall  had  a  small  op)en-area  ratio  of  approx¬ 
imately  7  per  cent  and  holes  of  0.125  in.  diameter  in  a  thin  wall  0.049  in. 
thick.  The  test  results  show  the  slope  of  the  cross-flow  curves  increasing  with 
increasing  subsonic  Mach  number  at  approximately  the  rate  predicted  by 
theory.  However,  the  curves  show  a  pronounced  tendency  to  deviate  from 
linear  characteristics  when  large  cross-flow  velocities  occur  in  the  indwidual 
holes.  At  each  Mach  number  the  characteristic  curve  becomes  extremely 
steep  when  large  cross-flow  velocities  occur,  indicating  the  proximity  of 
choked  flow  for  the  hole.  In  general,  however,  cross-flow  velocities  high 
enough  to  produce  choking  in  the  holes  do  not  occur  in  normal  wind  tunnel 
testing.  The  range  of  small  angles  of  approaching  flow,  up  to  approximately 
5®,  are  of  greater  interest.  However,  the  experimental  data  of  this  test 
series  were  not  obtained  at  small  enough  intervals  to  define  wall  charac¬ 
teristics  in  this  range  with  sufficient  accuracy. 
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Fig.  11.11.  Cross-flow  characteristics  of  perforated  wall  at  subsonic,  sonic  and  super¬ 
sonic  Mach  numbers.’^ 
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Subsonic y  Sonic  and  Supersonic  Mach  Numbers. — In  another  test  series  a 
perforated  wall  with  a  small  open-area  ratio  of  7  per  cent,  a  hole  diameter 
of  0.06  in.,  and  a  wall  thickness  of  0.063  in.  was  investigated  at  Mach 
numbers  ranging  from  0.60  to  1.24  (see  Ref.  7).  Some  experimental  results 
for  this  wall  are  shown  in  Fig.  11.11.  Again  it  is  apparent  that  with  increasing 
Macli  number  the  slope  of  the  characteristic  cross-flow  curves  becomes 
stcejjcr.  When  the  range  of  small  cross-flow  mass  flows  is  disregarded  (below 
approximately  {pv)h!{pv)^  =  0.10),  the  slope  of  the  curx'e  for  Mach  num¬ 
ber  0.6  is  in  reasonable  agreement  with  the  curve  predicted  by  theory  for 
individual  slots,  that  is, 

4  1  (p»)* 

w(l  —  A/2)»  (pt>)<)0 

In  the  case  of  supersonic  velocity,  the  test  curve  is  also  in  satisfactory  agree¬ 
ment  with  the  theoretical  slope: 

_  2  {pv)H 

T  “  {pvU 

It  should  be  remembered  that  in  the  experiments  reported  in  Fig.  11.11, 
the  test-section  flow  direction  was  not  oblique  but  was  parallel  to  the  test 
wall.  Consequently  the  cross-flow  pressure  drop  equation  must  be  modified 
slightly  to  account  for  the  difference  from  the  theoretical  treatment  des¬ 
cribed  in  Chapter  B  for  oblique  supersonic  flow  approaching  a  perforated 
wall.  Because  of  the  small  open-area  ratio  of  the  test  wall  in  this  case,  however, 
the  difference  between  oblique  and  parallel  flow  approaching  a  wall  is  very 
small. 

It  is  interesting  that  in  the  rejx)rted  experiments  with  perforated  walls 
(Fig.  11.11)  the  characteristic  curves  show  increased  curvature  in  the  range 
of  small  cross-flow  velocity.  It  is  believed  that  the  curvature  is  caused  by 
viscosity  effects  and  especially  by  the  flow  of  the  boundary  layer  along  the 
p)erforated  wall.  This  consideration  is  in  agreement  with  the  results  reported 
later  in  this  section  on  the  influence  of  boundary  layer  thickness.  In  the  tests 
under  discussion  here  the  lK)undary  layer  should  be  rather  large  in  compari¬ 
son  with  the  relatively  small  hole  diameter  of  0.06  in.  When,  at  larger 
cross-flow  velocities,  the  lx)undary  layer  is  bled  off  through  the  perforated 
walls,  the  influence  of  the  boundary  layer  is  reduced,  and  better  correlation 
with  thcorv  occurs.  This  trend  is  also  exhibited  by  the  test  data  shown  in 
Fig.  11.12.' 

Supersonic  Mach  Numbers. — A  large  number  of  different  perforated  walls 
w’crc  investigated  to  study  cross-flow  characteristics  at  Mach  number  1.45 
(see  Ref.  7).  The  walls  had  hole  diameters  ranging  from  0.06  to  0.50  in., 
wall  thickness  from  0.02  to  0.299  in.,  and  greatly  varying  open-area  ratios. 
The  experimental  results  presented  in  Fig.  11.12  indicate  that  in  most  cases 
the  slope  of  the  linear  characteristic  curve  is  somewhat  larger  than  was 
predicted  by  theory'.  Linear  theory  resulted  in  characteristic  curv'es  accord¬ 
ing  to: 

2  {pv)H 


q  (A/2-1)*  (Hoo 
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The  slope  of  all  curves  presented  is  approximately  10  per  cent  greater  than 
was  predicted. 

Some  remarkable  features  are  exhibited  by  certain  unorthodox  wall 
configurations.  The  majority  of  the  walls  had  ratios  of  hole  diameter  to 
wall  thickness  considerably  larger  than  one.  However,  one  wall  had  a  hole 
diameter  only  approximately  40  per  cent  of  the  wall  thickness  (w’all  A  in 
Fig.  11.12).  In  this  case  the  characteristic  curve  clearly  has  a  smaller  slope 


and  also  shifts  in  a  direction  which  requires  negative  pressures  in  the  plenum 
chamber  to  provide  zero  outflow  from  the  test  section.  This  result  is  in  quanti¬ 
tative  agreement  with  the  expected  results  from  the  diffuser  effect  and  the 
discussion  of  the  physical  asfjects  of  flow  through  thick  perforated  walls 
(see  Section  1  of  this  chapter). 

Another  wall  B  had  holes  which  w'cre  large  compared  with  the  wall 
thickness  and  which  were  countersunk  on  the  test-section  side  (Fig.  11.12). 
This  particular  shape  exhibited  significantly  reduced  resistance  to  cross 
flow,  which  is  in  agreement  with  qualitative  thinking,  since  the  loading  effect 
of  the  holes  on  the  test-section  side  is  obviously  disturbed.  When  the  same 
wall  is  turned  around  so  that  the  countersunk  shape  is  located  on  the 
plenum  chamber  side,  the  walls  once  more  exhibit  the  normal  character¬ 
istics  of  thin  perforated  walls.  The  streamline  pattern  for  a  wall  with  con¬ 
ventional  holes  is  shown  schematically  in  Fig.  11.13. 

Another  interesting  wall  investigated  had  so-called  “educated  holes’\ 
The  guiding  idea  for  this  modification  of  the  hole  shape  was  the  development 
of  a  wall  which  would  not  produce  outflow  even  though  the  pressure  on  the 
flow  side  of  the  wall  was  greater  than  in  the  surrounding  plenum  chamber. 
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Such  a  characteristic  is  particularly  desirable  in  some  diffuser  applications 
when  no  outflow  of  the  supersonic  flow  is  desired,  though  in  subsonic  flow 
the  holes  should  act  like  regular  holes.  The  flow  pattern  for  walls  with  holes 
of  this  type  is  also  shown  in  Fig.  11.13.  When  the  pressure  in  the  plenum 
chamber  is  just  slightly  smaller  than  the  static  pressure  in  the  supersonic 
flow,  the  supersonic  expansion  waves  force  the  flow  to  turn  an  amount 
which  is  not  sufficient  to  clear  the  downstream  edge  of  the  hole.  This  concept 
of  the  flow  pattern  is  borne  out  by  the  Schlieren  picture  presented  in  Fig. 
11.14. 


(a)  CONVENTIONAL  HOLE 


SHOCK  WAVE 


EXPANSION  WAVE 
— O - AIRFLOW 


> - STREAMLINES 


(b)"EDUCATED*'  HOLE 


Fig.  11.13.  Flow  patUm  through  wall  unth  conventional  holes  and  ^'educated*'  holes 
(ref,  UACCorp,  Research  Dept.), 

'Fhe  cross-flow  characteristics  of  the  walls  with  “educated  holes’*  (wall  C 
in  Fig.  11.12)  indicates  that,  as  desired,  no  outflow  occurs  at  positive  pressure 
differences,  that  is,  at  pressures  which  are  greater  in  the  test  section  than  in 
the  plenum  chamber.  The  pressure  differential  may  thus  be  as  high  as  6 
per  cent  of  the  dynamic  pressure  of  the  supersonic  flow  without  producing 
outflow  from  the  test  section.  If  the  pressure  difference  is  increased,  outflow 
gradually  begins  to  increase  until  finally,  at  a  large  enough  outflow,  the 
cross-flow  characteristic  curve  is  approximately  parallel  to  the  majority  of 
perforated  test  walls. 

c.  Summarizing  remarks 

In  view  of  the  rejx)rted  results  of  experiments  to  determine  the  cross-flow 
characteristics  of  various  p)erforatcd  W’alls,  it  may  be  concluded  that  as  a 
general  rule  the  walls  exhibit  the  characteristics  predicted  by  theory.  It 
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must  be  remembered,  however,  that  the  linearized  potential  flow  theory 
can  predict  the  wall  characteristics  only  when  the  boundary  layer  is  thin 
and  the  wall  thickness  is  small  compared  with  the  hole  diameter.  Also  the 
mean  cross-flow  v'elocities  through  the  holes  must  be  sufficiently  lower  than 
velocities  which  lead  to  choking  of  the  flow  through  the  holes.  In  the  follow¬ 
ing  sections,  some  parameters  such  as  wall  thickness,  hole  inclination,  and 
boundary  layer  thickness  will  be  discussed  in  more  detail. 


EOUCATCO  HOLE  CONVENTIONAL  HOLE 

Fig,  11.14.  Schlieren  pictures  of  flow  through  conventional  hole  and  through  educated'' 
holes  at  Ai  —  1.79  {ref.  UAC  Corp.  Research  Dept.) 

4.  EXPERIMENTS  TO  DETERMINE  THE  INFLUENCE  OF  DETAILED 
WALL  GEOMETRY  AND  FLOW  PARAMETERS 

Several  systematic  test  series  have  been  conducted  in  the  transonic  model 
tunnel  of  the  AEDC  to  explore  the  influence  of  wall  geometry  on  the  cross- 
flow  characteristics  of  perforated  walls.  In  the  following  sections  some  of 
the  principal  flndings  of  these  tests  are  discussed  briefly. 


a.  Influence  of  wall  thickness  at  constant  diameter  hole  diameter^ 

A  number  of  perforated  test  walls  which  had  an  open-area  ratio  of  22.5 
per  cent  and  J  in.  diameter  holes  were  installed  in  the  test  section  of  the 
transonic  model  tunnel.  The  thickness  of  the  test  wall  was  varied  from  ^  to 
I  in.  so  that  typical  cases  of  a  thin  wall  (wall  thickness  to  hole  diameter  =  J) 
and  a  thick  wall  (wall  thickness  to  hole  diameter  =  4)  were  investigated. 
Some  results  are  shown  in  Figs.  1 1.15a-l  1.15d  for  various  Mach  numbers 
between  0.75  and  1.175. 

At  subsonic  Mach  numbers  particularly,  the  relatively  thin  test  walls 
had  consistently  larger  cross-flow  resistance  coefficients  than  did  the  relatively 
thick  walls,  and  the  curves  were  considerably  straighter  at  the  relatively  thin 
walls.  This  feature  is  in  agreement  with  the  theoretical  prediction  since  only 
a  thin  wall  can  be  expected  to  act  as  a  series  of  individual  wings  to  produce 
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the  desired  pressure  difference  between  the  upp)cr  and  lower  surfaces  of  the 
plate.  At  supersonic  Mach  numbers  the  influence  of  the  wall  thickness  is 
not  as  pronounced  as  at  subsonic  Mach  numbers. 

At  supersonic  Mach  numbers,  as  at  subsonic  Mach  numbers,  the  charac¬ 
teristic  curves  show  a  strong  curvature  at  low  cross-flow  ratios,  {pv)kl{pv)^< 
0.04.  At  cross-flow  ratios  alx>ve  0.04,  the  curves  tend  to  become  more  and 
more  linear.  This  characteristic  can  be  explained  by  consideration  of  the 


Fig.  II. 1 5b.  Mach  0.90, 
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influence  of  the  boundary  layer  thickness.  At  small  cross-flow  velocities,  but 
little  boundary  layer  was  removed  through  the  walls.  At  a  larger  outflow 
velocity  the  boundary  layer  was  discharged  through  the  upstream  p)ortion 
of  the  test  wall,  and  the  major  portion  of  the  wall  was  exp>osed  to  oblique 


Fig.  11.15.  Influence  of  wall  thickness  on  the  cross-flow  characteristics  of  a  22,5  per 
cent  open  perforated  wall  with  J  in,  diarn,  holes,^ 
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flow  having  a  boundary*  layer  which  had  been  considerably  thinned.  This 
result  was  caused  by  the  fket  that  the  test  wall  extended  approximately 
35  in.  in  the  direction  of  the  flow,  that  is,  its  length  was  three  times  the  width 
of  the  test  section.  Therefore  the  cross-flow  characteristics  presented  in 
Fig.  11.15  are  the  mean  values  obtained  over  the  entire  length  of  the  test 
wall. 
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On  the  basis  of  these  experiments  it  may  be  concluded  that  the  wall 
thickness  should  not  be  larger  than  the  hole  diameter,  and  that,  if  jx)ssible, 
it  should  be  even  smaller  in  order  to  establish  consistent  cross-flow  charac¬ 
teristics. 


Fig.  ll.lGd.  Mach  1,175. 


Fig.  1 1.16.  Influence  of  hole  size  on  the  crossflow  characteristics  of  22.5  per  cent  open 
wall  with  ratio  of  hole  diameter  to  plate  thickness  of  unity. ^ 
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b.  Influence  of  hole  sizf  at  a  constant  ratio  of  hole  diameter  to  wall  thickness 

In  order  to  demonstrate  that  wall  cross-flow  characteristics  are  similar 
when  the  ratio  of  hole  diameter  to  plate  thickness  is  constant,  a  series  of  test 
walls  having  different  hole  diameters  and  a  constant  ratio  of  hole  diameter 
to  wall  thickness  were  tested  in  the  test  rig  discussed  in  the  preceding 
section.®  Experiments  were  conducted  with  a  hole  size  of  iV  in.  in  a  wall 
of  the  same  thickness,  and  others  were  conducted  with  hole  diameters  up 
to  1  in.,  also  in  walls  of  the  same  thickness.  Results  at  some  typical  Mach 
numl)ers,  presented  in  Figs.  I  l.I6a-l  1.16d,  show  that  the  curves  at  mass 
flow  ratios  larger  than  0.02  are  indeed  very  much  alike.  This  is  true  for 
both  the  subsonic  and  the  supersonic  range.  However,  in  the  low  mass 
flow  range,  that  is,  when  (pv)hl{pv)^  <  0.02,  the  curves  deviate  consider¬ 
ably.  As  discussed  in  the  preceding  section,  this  discrepancy  can  be  traced 
back  to  the  influence  of  the  boundary  layer,  which,  in  proportion,  is  exceed¬ 
ingly  thick  at  the  small  hole  diameter  wall  (J  and  iV  in.)  and  must  therefore 
be  bled  off*  at  the  higher  mass  flow  ratios  before  the  characteristics  can 
approximate  non-viscous  characteristics  closely  enough.  Consequently,  in 
the  low  mass  flow  range  (he  characteristics  of  the  J  and  ,V  in.  walls  arc 
extremely  irregular  (see  Figs.  11.15  and  11.16). 


r.  Influence  of  Mach  number 

The  results  obtained  from  tests  with  several  perforated  walls  are  plotted 
together  in  Fig.  11.17  for  Mach  numbers  l>etween  0.75  and  1.75  to  show 
more  clearly  the  influence  of  Mach  number.  For  the  wall  with  in.  hole 
diameter  and  jV  in.  thickness  the  wall  characteristics  at  all  Mach  numbers 
are  irregular  for  outflow  coefficients  smaller  than  0.03,  that  is,  for  a  relatively 
thick  boundary  layer  compared  with  the  hole  size  (Fig.  1 1.17a).  At  the 


Fro.  1 1 . 1 7a.  Influence  of  Mach  number  on  the  crossflow  characteristics  of  22.5  per  cent 
open  wall  with  in.  hole  diameter  and  iV  wall  thickness.^ 
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larger  outflows,  the  wall  characteristics  approach  linear  cuives  having 
slopes,  which,  over  a  range  of  Mach  numbers  from  0.75  to  1.175,  agree  in 
trend  w'ith  theory. 

In  Fig.  11.17b  the  characterbtics  of  a  wall  with  relatively  large  holes 
compared  with  the  wall  thickness  (J  in.  diameter  hole,  wall  thickness 
iV  in.)  are  shown.  At  large  outflow  ratios,  that  is,  when  ipi^)h/(pi*)ao 
larger  than  0.02,  the  slope  of  the  characteristic  curves  was  somewhat 
steeper  for  the  large  hole  wall  than  for  the  small  hole  w’all.  The  main 


Imo.  11,17b.  Influence  of  Mach  number  on  the  cross-flow  characteristics  of  22.5  per 
cent  open  wall  with  \  in.  hole  diameter  and  i^in.  wall  thickness.'* 


difference  occurred  at  the  small  outflow  ratios,  that  is,  when  (pv)hl(pv)^ 
was  smaller  than  0.03,  and  at  negative  values.  While  the  iV  in.  wall  exhibits 
irregular  characteristics  in  this  cross-flow  range  (see  Fig.  11.17a),  the  wall 
with  i  in.  holes  exhibits  consistent  characteristics  in  the  same  range,  having 
a  definite  but  reduced  slope.  Again  the  difference  in  the  behavior  of  the 
two  walls  can  be  explained  by  the  influence  of  the  boundary  layer  thickness 
compared  with  the  hole  diameter. 

When  the  effectiveness  of  perforated  walls  in  the  reduction  of  w'all  inter¬ 
ference  effects  in  wind  tunnel  testing  is  considered,  it  is  evident  that  walls 
with  large  holes  compared  with  the  boundary  layer  and  the  wall  thickness 
most  nearly  produced  the  desired  characteristics.  However,  even  with  such 
walls  the  slope  of  the  characteristic  curves  is  so  much  reduced  in  the  range 
of  small  or  negative  mass  flow  ratios  that  special  efforts  are  necessary  to 
develop  walls  which  will  also  minimize  this  undesirable  feature.  Some 
of  the  experimental  work  in  this  field  is  presented  in  the  following 
section. 
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d.  Walls  with  inclined  holes  {differential-resistance  walls) 

When  the  holes  in  a  perforated  plate  are  inclined  in  the  direction  of  the 
flow,  flow  out  of  the  test  section  becomes  easier  and  flow  into  the  test  section 
more  diflicult  (Fig.  11.18).  The  latter  result  is  due  to  the  fact  that  the 
inflowing  air  must  overcome  part  of  the  dynamic  head  of  the  test-section 
flow.  On  the  other  hand,  since  the  important  downstream  edge  of  the  holes 
is  made  sharper  by  inclining  the  holes,  such  a  wall  acts  more  like  a  thin  wall 
and  consequently  exhibits  more  linear  characteristic  curves  over  the  entire 
cross-flow  range.  These  walls  also  produce  consistently  greater  resistance  to 
inflow  to  the  test  section. 


FLOW  OUT  OF  TEST  SECTION 


i _ -i 


FLOW  INTO  TEST  SECTION 

Fkj.  1 1.18.  Streamline  pattern  for  inflow  and  outflow  through  a  wall  with 
inclined  holes. 

The  feature  of  considerably  reduced  outflow  resistance  was  documented, 
for  instance,  at  outflow  ratios  {pv)pl{pv)a^  larger  than  0.005.^*^  In  another 
instance^ ^  the  overall  characteristics  of  walls  with  inclined  holes  were 
systematically  investigated. 


Influence  of  Hole  Inclination  Angle. — Some  typical  data  obtained  in  the 
transemic  model  tunnel  of  the  AI^DC  are  presented  in  Figs.  11.19a  and  b 
for  a  wall  having  12  per  cent  open-area  ratio,  \  in.  hole  diameter,  and  J  in. 
plate  thickness.  The  holes  were  arranged  in  the  walls  at  angles  of  0°  (straight 
holes),  30°,  40°,  45°  and  60°,  respectively. The  experimental  data  show 
that  the  outflow  resistance  is  drastically  reduced  when  the  angle  of  the  holes 
is  inclined  in  the  direction  of  the  flow.  More  significantly,  however,  the 
characteristic  curves  exhibit  a  pronounced  steeper  slope  at  small  and 
negative  flow  ratios,  particularly  at  the  inclination  angle  of  60°.  This  trend 
of  the  curves  was  established  over  the  entire  Mach  number  range  of  the 
test,  as  demonstrated  at  the  two  selected  Mach  numbers  of  0.90  and  1.10. 
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The  sharp  increase  in  the  slope  of  the  curves  in  the  low  and  negative  flow 
region  in  the  case  of  the  inclined-hole  walls  indicates  that  not  only  can  the 
irregular  character  of  the  curves  produced  by  straight  holes  be  avoided,  but 
that,  on  the  other  hand,  the  often  extremely  desirable  characteristic  of 
increased  resistance  to  flow  into  the  test  section  can  be  realized  by  means  of 
hole  inclination. 

The  sup)eriority  of  an  inclined-hole  wall  over  a  straight-hole  wall  with 
respect  to  its  nearly  linear  characteristics  and  the  increased  slope  in  the 
inflow  region  is  demonstrated  by  the  typical  results  presented  in  Figs. 
1 1 .20a  and  b.  The  ojjen-area  ratio  of  the  wall  with  inclined  holes  was 
reduced  to  6  per  cen*  in  order  to  match  the  outflow  resistance  of  a  wall  with 
straight  holes  and  a  22J  per  cent  open-area  ratio. 

It  should  be  noted  here  that  the  open-area  ratio  is  always  calculated  on 
the  basis  of  the  total  hole  area  measured  perpendicular  to  the  axis  of  the 
inclined  holes. 

Influence  of  Hole  Diameter  vs,  Plate  Thickness  of  Walls  with  Inclined  Holes, — In 
the  graphs  showing  the  characteristics  of  perforated  wails  with  inclined 
holes,  only  the  test  results  obtained  using  walls  with  equal  hole  diameter 
and  thickness  are  presented.  Since  the  effectiveness  of  an  inclined-hole 
wall  depends  upon  the  ability  of  the  wall  to  guide  the  inflow  against  the 
test-section  flow,  the  length  of  the  guiding  inclined  holes  required  to  produce 
this  counter-flow  effect  of  the  inflow  is  of  interest.  Consequently,  a  special 
test  scries  was  initiated  in  the  AFDC  transonic  model  tunnel  to  investigate 
this  influence. 

The  test  results  for  6  per  cent  open-area  ratio  walls  with  60®  inclined 
holes  indicate  consistent  ncarly-linear  characteristics  when  the  hole  diam¬ 
eters  arc  equal  to  or  twice  as  large  as  the  wall  thickness  (Fig.  1 1.21).  When, 
however,  the  wall  thickness  is  increased  to  produce  a  more  perfect  guiding 
of  the  flow,  the  characteristic  wall  curv^es  change  in  a  very  unfavorable 
manner. 

If,  for  instance,  the  wall  is  twice  as  thick  as  the  hole  diameter,  the  pressure 
difference  between  plenum  chamber  and  test  section  remains  essentially 
constant  between  inflow  v^alues  {pv)hl{p^)a>  t>f  approximately  0.002  and 
outflow  values  up  to  0.014.  This  result  can  be  understood  when  the  aero¬ 
dynamic  action  of  thick  walls  is  considered  (discussed  in  detail  in  Section  1 
of  this  chapter  with  Fig.  11.1).  Thick  walls,  particularly  thick  walls  with 
inclined  holes,  tend  to  turn  the  flow  in  a  manner  similar  to  the  turning  of 
the  channel  flow  in  a  compressor  lattice.  Consequently,  a  diffuser  effect  with 
a  pressure  rise  is  produced  which,  in  the  ideal  case  of  a  thick  wall  with  per¬ 
pendicular  holes  without  inflow  losses,  amounts  to 

^p  1 

^00 

In  order  to  produce  a  diffuser  effect,  the  individual  channels  in  the 
thick  wall  must  be  long  enough  to  turn  the  flow  efficiently.  It  is  of  interest 
to  note  that  the  thin  wall  with  60 '  inclined  holes  produced  the  most  desirable 
crossflow  characteristics  (see  Fig.  1 1.21),  but  no  complete  channel  for  guidance 
of  the  flow  was  formed  (Fig.  11.22).  With  thick  walls,  corresponding  to 
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Fig.  11.20.  Comparison  between  cross-flow  characteristics  of  perforated  wall  with 
straight  holes  and  perforated  wall  with  inclined  holes, 
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ratios  of  hole  diameter  to  wall  thickness  of  0.5,  the  guidance  was  considerably 
more  complete,  and,  as  expected,  produced  a  sizable  and  extremely 
undesirable  diffuser  effect  (see  Fig.  11.21).  When  the  cross-flow  angle  was 
larger  than  the  inclination  of  the  holes,  the  diffuser  effect  naturally  vanished. 


Fkj.  11.21.  Cross-flow  characteristics  of  fierforated  walls  with  60"^  inclined  holes  for 
»  various  ratios  of  hole  diameter  to  wall  thickness  y  open-area  ratio  6  per  cent  at  M  =  0.90.  ^  ^ 
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Fig.  1 1 .22.  Flow  pattern  through  walls  with  inclined  holes  at  different  ratios  of  hole 
diameter  to  wall  thickness. 


e.  Influence  of  boundary  layer  thickness 

In  the  previous  discussion  of  test  results,  it  was  repeatedly  mentioned  that 
the  lx3undary  layer  along  the  perforated  walls  tended  to  interfere  greatly 
with  the  desired  linear  characteristics  of  the  perforated  walls,  particularly 
in  the  region  of  small  and  negative  cross-flow  values.  In  order  to  study  the 
l)oundary  layer  effect  more  specifically,  a  special  test  rig  was  developed 
for  the  transonic  model  tunnel  which  made  it  possible  to  vary  the 

thickness  of  the  l)oundary  layer  approaching  the  perforated  test  wall. 
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Fio.  1 1 .23.  Influence  of  boundary  layer  displacement  thickruss  on  crossflow  characteristics 
of  fierforated  wall  with  60'  inclined  holes,  hole  diameter  J  w.,  wall  thickness  J  in., 
open-area  ratio  6  per  cent.^^ 
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The  test  wall  had  only  a  small  extension  in  the  flow  direction  so  that, 
for  purposes  of  analysis,  a  mean  constant  thickness  of  the  lx)undary  layer 
across  the  test  plate  could  be  assumed  (see  Ref.  12).  IVpical  data  obtained 
for  walls  with  holes  of  60®  inclination,  a  hole  diameter  and  wall  thickness 
of  J  in.,  and  6  per  cent  open-area  ratio  indicate  that  serious  irregularities 
of  the  curves  occur  when  the  boundary  layer  displacement  thickness  is 
larger  than  the  diameter  of  the  holes  (Figs.  1 1.23a  and  b).  This  fact  became 
particularly  obvious  in  the  experiment  at  Mach  number  1.20.  Apparently 
the  displacement  thickness  of  the  lioundary  layer  should  not  exceed  approx¬ 
imately  75  per  cent  of  the  hole  diameter. 

The  obsen^ed  change  of  the  wall  characteristics  with  Ixjundary  layer 
thickness  has  a  significant  effect  on  the  growth  of  the  Ixiundary  layer  along 
the  test-section  walls.  In  well-adjusted  transonic  test  sections  the  plenum 
chamber  and  test-section  pressures  are  constant  over  the  length  of  the  test 
section.  When  a  given  pressure  differential  is  established  by  such  means  as 
control  of  the  plenum  chamber  suction,  as  is  customary  in  transonic  wind 
tunnel  operation,  the  wall  regions  having  thick  lK>undary  layer  will  produce 


Fio.  1 1.24.  Ir^uence  of  Mach  number  on  cross-flaw  characteristics  of  f>erf orated  wall 
with  60^  inclined  holes;  hole  diameter  J  m.,  wall  thickness  J  in.,  of>en-area  ratio  6  f>er 
cent,  for  relatively  thin  boundary  layer  thickness. 


a  large  outflow  and,  consequently,  a  reduction  of  the  boundary  layer 
thickness.  .As  a  result,  walls  with  inclined  holes  have  a  tendency  to  establish 
a  more  uniform  boundary  layer  thickness  along  the  length  of  the  test  section. 

With  proper  boundary'  layer  control  by  such  means  as  auxiliary  plenum 
chaml>er  suction  pumps,  it  is  possible  to  establish  wall  characteristics 
having  nearly  linear  cross-flow  curves  over  the  entire  Mach  number  range. 
In  the  experiments  presented  in  Fig.  1 1.24,  the  lK)undary  layer  displacement 
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thickness  was  controlled  so  that  it  did  not  exceed  values  of  50  per 
cent  of  the  hole  diameter.  Over  the  entire  range  of  the  test,  from  Mach 
number  0.9  to  1 .4,  the  curves  exhibit  nearly  linear  characteristics.  The  walls 
with  inclined  holes  and  proper  plenum  chamber  suction  control  therefore 
represent  a  significant  means  of  establishing  wall  characteristics  which 
match  the  values  necessary  to  obtain  interference-free  lest  results  in  transonic 
test  sections. 


5.  EXPERIMENTS  TO  DETERMINE  CROSS-FLOW 

CHARACTERISTICS  OF  WALLS  WITH  LONGITUDINAL  SLOTS 
a.  Slotted  walls  in  oblique  flow  without  flow  curvature 

In  order  to  explore  the  characteristics  of  walls  with  longitudinal  slots, 
some  brief  experiments  were  conducted  at  several  lalK)ratories.  According 
to  non-viscous  flow  theory,  walls  with  longitudinal  slots  should  produce  a 
pressure  drop  prop)ortional,  not  to  the  cross-flow  velocity  itself,  but  to  its 
square.  As  shown  in  Chapter  8,  the  cross-flow  pressure  drop  for  slotted  walls 
in  non-viscous  flow  should  be: 

^plqaa  =  (vkivco)- 

In  real  viscous  flow,  however,  an  additional  linear  term  appears  which 
is  caused  either  by  friction  on  the  side  walls  of  the  slot  or  by  flow  separation 
along  the  edges  of  the  slot.  The  total  pressure  drop  in  parallel  oblique 
flow  can  then  be  written  in  the  general  form: 

Apiqx,  =  fCi{pv)hl(pv)v>-\-  h'2{pv)h^j{pv)^^ 

Wall  with  Single  Slot, — In  the  AEDC  transonic  model  tunnel  (12  in.) 
some  exploratory  tests  were  conducted  using  a  test  wall  which  had  a  single 
longitudinal  slot.  Purposely,  the  slot  width  was  selected  to  be  1.3  in.,  that 
is,  1 1  per  cent  of  the  test  section  width,  in  order  to  make  the  boundary 
layer  effects  small.  This  sharp-edged  slot  was  placed  in  a  relatively  thin 
wall  (i  in.  thickness — see  Fig.  11.25a).  The  most  remarkable  result  is  that 
the  test  points  for  all  Mach  numbers  between  Mach  number  0.75  and  1.20 
form  a  single  curve,  which,  though  showing  slight  curvature,  exhibits  a 
definite  linear  character  in  the  range  of  small  cross-flow  velocities.  When  the 
quadratic  term  is  eliminated,  the  cross-flow  pressure  drop  can  be  represented 
approximately  by: 


=  0A{pv)kl(pv)ca 

This  value  is  considerably  smaller  than  the  values  obtained  for  most 
perforated  walls,  but  in  view  of  the  consistent  constant  characteristics  through 
the  Mach  numl>cr  range,  the  longitudinally  slotted  wall  was  subjected  to  more 
detailed  exploratory  investigations.  Several  tests  (results  unpublished)  were 
conducted  in  the  same  model  tunnel  using  a  wall  thickness  increased 
considerably  l>eyond  the  Jin.  of  the  wall  presented  in  Fig.  ll.25a.  Also, 
slots  with  the  edges  beveled  to  increase  their  sharpness  and  with  rounded 
edges  were  studied.  In  all  cases,  basically  similar  characteristics  were 
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obtained,  that  is,  a  remarkable  independence  of  Mach  number  existed  as 
well  as  a  predominantly  linear  characteristic  of  the  cross- flow  pressure  drop. 

The  velocity  patterns  just  inside  the  test  section,  in  the  slot  itself,  and  on 
the  plenum  chamber  side  of  the  wall  obtained  with  the  single  slot  config¬ 
uration  shown  in  Fig.  11.25a  were  determined  and  plotted  in  Fig.  1 1.25b. 
Obviously  flow  separation  occurs  along  the  sharp  edges  of  the  slot,  as 
expected. 


Walls  mth  Numerous  Small  Slots, — Several  walls  with  short  longitudinal 
slots  equivalent  to  perforated  walls  with  elongated  holes  were  investigated 
in  a  test  series  conducted  by  United  Aircraft  Corporation. These  walls 
might  also  he  considered  combination  slotted-perforated  walls.  As  expected, 
the  w’alls  showed  characteristics  similar  to  those  of  conventional  perforated 
walls,  that  is,  a  predominant  linear  term  occurs  (see  Fig.  11.26).  They  also 
show  only  a  relatively  small  influence  of  Mach  number. 

Such  a  combination  of  longitudinally  slotted-perforated  walls  deserves 
further  consideration  for  transonic  wind  tunnel  testing  because  of  its  favor¬ 
able  linear  and  consistent  cross-flow  characteristics.  The  test  data  (Fig. 
11.25)  indicate  consistent  characteristics  at  small  cross-flow  velocities,  even 


Fig.  1 1.25a.  Cross-flow  characteristics  at  various  Mach  numbers. 


with  flow  into  the  test  section,  when  the  boundary  layer  is  kept  sufficiently 
thin,  as  in  this  case.  Also,  such  combination  perforated -slot  ted  walls  elim¬ 
inate  the  disadvantage  of  secondary  flow  w  hich  was  discussed  in  Chapter  9 
and  was  found  to  be  a  major  source  of  the  difficulties  with  pure  slotted  walls 
in  supersonic  test  sections.^ 


19 
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LINE  OF  SURVEY 


ZI. _ r 


f^.l25ln. 


Fig.  11.25.  Cross-flow  characteristics  of  single  longitudinal  slot  {unpublished  data  of 
AEDC  transonic  model  tunnel — Gardenier  and  Chew), 
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b.  Flow  curvature  effect  for  longitudinally  slotted  walls 

According  to  theory,  longitudinally  slotted  walls  should  produce  a  pressure 
change  in  cross  flow  which  is  proportional  to  the  curvature  of  the  flow 
approaching  the  wall.  As  show'n  in  Chapter  8,  this  pressure  is  due  to  the 
magniflcation  of  the  centrifugal  forces  in  this  flow. 

In  order  to  check  the  predicted  effect,  experiments  were  conducted  in 
which  a  two-dimensional  thick  airfoil  was  used  to  produce  a  flow  curvature 


a.  Wall  with  longitudinal  slots  {0.50  in.  x  0.63  in.)^  0.67  in.  wall 
thickness,  and  22.7  fter  cent  open-area  ratio. 


b.  Wall  with  longitudinal  slots  {0.20  in.  x  0.042  in.)^  0.033  in.  wall 
thickness,  22.4  per  cent  open-area  ratio. 

Fig.  1 1 .26.  Cross-flow  characteristics  of  two  walls  with  small-grain  longitudinal  slots. 
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near  the  slotted  test  wall.®  For  these  tests  the  wind  tunnel  was  equipped 
with  slotted  top  and  bottom  walls  having  a  14  j>er  cent  op>en-area  ratio. 
The  mean  disturbance  velocities  at  a  small  distance  from  the  test  wall  were 
measured,  both  in  the  flow  direction  and  perpendicular  to  it  (see  Fig. 
11.27).  According  to  theory,  the  disturbance  pressures  should  be  connected 


DISTANCE  FROM  BEOMNING  OF  SLOTS,  In  • 


Fig.  11.27.  Two-dimensional  airfoil  in  wind  tunnel  with  longitudinal  slots  in  incom¬ 
pressible  flow"^  (pressure  disturbances  along  slotted  walls  according  to  measurements 

and  theory). 


with  the  flow  curvature  according  to  the  following  equation: 

Aplq+C(c)eidX)  =  0 

The  constant  C  in  the  present  case  equals  5.75  in. 

The  data  presented  in  Fig.  11.27  shows  that  the  experimental  curv'e  and 
the  curve  calculated  from  the  measured  flow  curvature  coincide  in  their 
general  trends.  The  agreement  between  the  two  can  be  improved  somewhat 
when  a  linear  pressure  term  is  added  according  to 

/iplq  =  0.16^ 

The  two  cur\'es,  one  measured  directly,  the  other  derived  from  the  flow 
inclination  and  curv^ature,  agree  satisfactorily  upstream  of  the  maximum 
thickness  of  the  wing.  In  the  region  of  flow  into  the  test  section,  however, 
considerable  discrepancy  occurs.  Downstream  of  station  21  the  flow  along 
the  wall  changes  from  outflow  to  inflow,  and  the  observed  discrepancy 
between  the  two  disturbance  curves  begins  in  the  same  region. 

It  may  be  concluded,  therefore,  that  in  principle  the  theoretical  equation 
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for  the  pressure  drop  due  to  flow  curvature  has  been  verified  by  the  expieri- 
ments.  This  is  particularly  true  in  the  region  of  outflow  from  the  test  section. 
It  might  be  possible  to  reduce  the  inflow  discrepancies  by  converging  the 
walls  or  by  using  deeper  slots  in  order  to  preserve  the  axial  momentum  of 
the  flow  entering  the  slots  and  to  minimize  viscosity  effects. 

6.  FLOW  DISTURBANCES  OF  WALL  OPENINGS  AND  THEIR  DECAY 
Sensitiv'c  Schlieren  pictures  of  supersonic  flow  in  perforated  test  sections 
frequently  indicate  that  the  wall  openings  produce  a  number  of  small  waves 
wliich  propagate  in  the  main  flow  over  considerable  distances.  Naturally  in 
supiersonic  flow  each  opening  produces  a  system  of  compression  and  expan¬ 
sion  waves  which,  at  a  large  enough  distance  from  the  wall,  eliminate  each 
other.  /\s  pointed  out  in  Chapter  8,  the  distance  over  which  this  decay  occurs 
depends  upon  the  size  of  the  individual  holes;  consequently,  a  maximum 
hole  size  is  defined  for  supersonic  flow  in  a  transonic  test  section  since  the 
wave  disturbances  of  the  wall  will  decay  to  very  small  values  in  the  vicinity 
of  the  model  and,  ideally,  will  disappear  completely. 

l\vo  typical  Schlieren  pictures  are  presented  in  Fig.  11.28.  For  this  test 
the  holes  were  purposely  made  oversize  in  order  to  produce  a  more  pro¬ 
nounced  disturbance  effect.  It  is  obvious  that  in  both  cases  the  model  was 
exposed  to  flow  which  was  disturlx'd  by  two  sets  of  waves  originating  at 
the  wall.  Even  if  such  disturbances  arc  not  large  enough  to  produce  a 
noticeable  effect  on  the  non-viscous  flow  characteristics  of  the  model,  the 
boundary  layer  might  be  disturbed  when  it  flows  through  the  region  of  the 
oscillating  static  pressure  produced  by  the  wave  system.  A  particular  danger 
is  that  premature  transition  from  laminar  to  turbulent  flow  might  occur. 

In  order  to  study  the  magnitude  of  the  pressure  disturbances  produced 
by  holes  in  perforated  walls,  several  test  walls  with  oversize  holes  were 
studied  in  the  transonic  model  tunnel  of  the  AEDC.^^  First,  a  conventional 
straight-hole  pattern  with  an  open-area  ratio  of  22  per  cent  was  used.  The 
walls  were  tested  at  parallel  setting,  that  is,  with  relatively  thick  boundarv' 
layer,  and  at  30'  converged  setting,  that  is,  with  relatively  thin  boundary 
layer.  Some  typical  results  at  Mach  number  1.00  are  shown  in  Fig.  11.29a, 
and  for  Mach  number  1.20  in  Fig.  11.29b.  The  pressure  survey  for  Mach 
number  1.00  indicates  that  even  at  very  small  distances  from  the  wall  no 
pressure  disturbances  could  be  determined  within  the  accuracy  of  the 
measurements  because,  in  subsonic  flow,  localized  disturbances  propagate 
in  all  directions  and  consequently  decay  very  rapidly. 

In  the  supersonic  case  of  Mach  1.2,  however,  appreciable  disturbances  of 
static  pressure  and,  consequently,  of  the  local  Mach  number  occur  near 
the  wall.  They  gradually  lose  intensity  as  the  distance  from  the  wall  in¬ 
creases.  At  a  distance  of  approximately  7  in.,  that  is,  at  a  distance  of  fourteen 
hole  diameters,  the  pressure  distribution  is  reasonably  uniform. 

A  cross  plot  for  the  same  wall  showing  the  disturbances  as  a  function  of 
the  wall  distance  is  presented  in  Fig.  1 1.30.  Initially  the  disturbances  decay 
very  rapidly,  and,  at  a  distance  of  approximately  twenty-four  hole  diameters, 
they  reach  a  low  value  of  AA/  =  0.002.  This  value  appears  to  indicate  the 
level  of  flow  non-uniformity  in  the  basic  test  section. 
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Fig.  11.28.  Schlieren  pictures  of  perforated  test  section  with  large  holes;  hole  diameter  0.062  in.,  test-section  height  5.5  in. 
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Fig.  1 1.29.  Intensity  of  flow  disturbances  produced  by  perforated  wall  with 
^  in.  diameter  holes. 
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Similar  tests  were  conducted  using  walls  with  60^  inclined  holes  and  an 
open-area  ratio  of  6  per  cent.  The  data  shown  in  Fig.  11.31  indicate  that, 
at  a  distance  of  approximately  thirty  mean  hole  diameters,  the  disturbances 
decay  to  values  of  AA/  =  0.002.  Previous  findings  were  also  verified  since, 
at  Mach  number  one  and  at  subsonic  Mach  numbers,  the  disturbances  of 
the  wall  holes  decayed  so  rapidly  that  they  had  practically  no  significance 
for  transonic  testing. 


MACH  NUMBER  VARIATION.  aM«M-  M^^ 

Fig.  11.30.  Decay  of  flow  disturbances  produced  by  various  perforated  walls  with 
straight  holes  at  M  =»  1.20.^^ 


These  tests  appear  to  indicate  that  the  model  should  not  be  placed  closer 
to  the  wall  than  thirty  times  the  mean  of  the  wall  openings.  To  be  safe, 
particularly  in  the  case  of  full-scale  wind  tunnels  in  which  the  relative 
boundary’  is  generally  thinner  than  in  model  wind  tunnels,  the  hole  diam¬ 
eters  should  not  exceed  to  of  the  test-section  height.  In  a  12  in.  model 
tunnel,  for  example,  the  holes  should  not  be  larger  than  |  in.  In  a  10  ft  wind 
tunnel,  the  hole  diameter  may  l>e  as  large  as  1.2  in. 
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7.  CONCLUDING  REMARKS 

The  preceding  excerpts  from  numerous  investigations  of  the  cliaracteristics 
of  transonic  test-section  walls  show  that  both  theoretical  and  extensive 
experimental  investigations  can  he  utilized  as  guides  to  determine  the 
proper  wall  geometry  for  a  transonic  test  section.  The  linear  cross-flow 
characteristics  of  the  walls  desired  for  transonic  testing  can  he  closely 
approximated  using  partially  open  walls  with  openings  which  may  be 


MACH  NUMBER  VARIATION,  ^M-M-Mmcan 

Fio,  1 1,31.  Decay  of  flow  disturbances  Produced  by  perforated  wall  with  60^  inclined 

holes  at  M  *  1.20.^^ 

either  circular,  elliptical,  or  of  a  greatly  elongated  shape.  The  hole  size 
must  be  large  enough  to  produce  consistent  characteristics  in  spite  of  the 
boundary  layer  along  the  walls.  The  viscosity  effect  can  be  kept  sufficiently 
small  when  the  displacement  thickness  of  the  boundary  layer  is  not  thicker 
than  approximately  one-half  the  hole  diameter.  On  the  other  hand,  to 
eliminate  wave  disturbances  in  supersonic  flow,  the  holes  must  also  be 
small  enough  so  that  their  disturbance  wave  system  decays  sufficiently 
before  it  reaches  the  model.  This  condition  requires  that  the  holes  be  no 
larger  than  approximately  of  the  test-section  height. 
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FLOW  ESTABLISHMENT  IN  TRANSONIC 
WIND  TUNNELS 

1.  GENERAL  DISCUSSION  OF  THE  PROBLEM  AREAS 
The  problems  associated  with  the  establishment  of  uniform  flow'  in  partially 
open  transonic  test  sections  can  best  be  described  by  discussing  some  typical 
experiments.  The  first  accounts  of  experiments  concerning  the  establishment 
of  transonic  flow*  in  two  test  sections  having  combined  o[>en-area  ratios  of 
12^  per  cent,  one  w'iih  eight  longitudinal  slots  and  one  with  ten,  were 
published  by  the  NACA.^  The  slots  had  a  constant  width  through  the 
test  section,  extended  into  the  diffuser,  and  terminated  in  an  effuser  bell. 
Typical  experimental  Mach  number  distributions  for  these  NAC.\  test 
sections  are  presented  in  Fig.  12.1.  In  the  sulxionic  speed  range,  the  Mach 
number  distributions  w'ere  ver>'  uniform  through  the  main  portion  of  the 
test  section.  This  same  uniformity  was  maintained  when  the  Mach  number 
approached  sonic  speed,  as  indicated  by  the  curve  for  Mach  number  0.99. 
Even  the  abrupt  change  from  the  solid  walls  of  the  inlet  nozzle  to  the  slotted 
portion  of  the  test  section  produced  only  a  minor  waviness  of  the  Mach 
number  distribution.  How'ever,  at  the  downstream  end  of  the  test  section  a 
considerable  dip  in  Mach  number  occurred  which  increased  in  intensity  as 
the  Mach  number  approached  unity. 

The  observed  uniformity  of  the  Mach  number  distribution  through  the 
test  section  up  to  and  including  Mach  number  one  is  in  decided  contrast 
to  the  distributions  observed  in  closed  w'ind  tunnels  and  indicates  that  the 
venting  of  the  test  section  through  the  slots  into  the  surrounding  plenum 
chamber  is  highly  effective  (Fig.  12.1).  Even  at  the  slot  open-area  ratio  of 
only  12 J  per  cent,  the  constant  plenum  chamber  pressure  was  impressed 
upon  the  test-section  flow.  It  was  left  to  later  investigators  to  determine  to 
w’hat  extent  the  open-area  ratio  of  the  test  section  might  be  reduced  without 
interfering  w’ith  the  venting  into  the  plenum  chamber  and,  conse¬ 
quently,  with  the  constant  Mach  number  distribution  through  the  test 
section. 

In  the  sup>crsonic  Mach  number  range,  significant  non-uniformities  of 
the  Mach  number  distributions  occurred  which  grew  in  intensity  as  the 
Mach  number  in  the  test  section  w'as  increased  (Fig.  12.1).  For  example, 
at  an  average  Mach  numl)er  of  1.2,  the  local  Mach  number  at  the  centerline 
fluctuated  between  1.27  and  1.15.  Hence,  such  test  sections  are  unsuitable 
for  w'ind  tunnel  testing  unless  additional  measures  arc  taken  to  make  the 
distribution  more  uniform.  This  erratic  behavior  of  the  Mach  number 
distributions  in  the  supersonic  speed  range  is  not  surprising.  Although  at 
subsonic  speeds  the  contours  of  the  inlet  nozzle  preceding  the  test  section 
do  not  greatly  affect  uniform  test-section  flow,  the  contours  of  the  supersonic 
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inlet  nozzle  must  be  shaped  very  carefully  and  in  accordance  with  super¬ 
sonic  wave  reflection  and  attenuation  theory. 

It  is  signiflcant  that  supersonic  Mach  numbers  were  established  in  the 
test  section  simply  by  increasing  the  p)ower  input  to  the  wind  tunnel  compres¬ 
sor,  that  is,  by  increasing  the  pressure  ratio  between  the  stagnation  section 
ahead  of  the  test  section  and  the  downstream  end  of  the  diffuser.  This  type 
of  operation  differs  from  that  of  conventional  closed-wall  sup>ersonic  test 
sections.  In  the  conventional  closed  test  sections,  Mach  number  increases 
in  the  supersonic  range  can  be  obtained  only  by  changing  the  contour  of 


TEST  SECTION  STATION  X/0  .  (0>Throot  Diomtttr) 


Fio.  12.1.  Mach  number  distribution  for  typical  slotted  test  sections  {slots  with  constant 
width  extended  into  difuser), ^ 

the  supersonic  inlet  nozzle  since,  for  each  contour,  only  one  specific  Mach 
number  can  be  obtained  in  the  test  section.  The  very  desirable  simplification 
of  operations  which  is  thus  possible  in  a  partially  open  test  section  over  the 
supersonic  speed  range  and  the  penalties  attendant  upon  the  simplification 
will  be  discussed  later. 

With  reference  to  experiments  just  cited,  the  problem  areas  associated  with 
flow  establishment  in  transonic  test  sections  can  be  characterized  as  follows: 
(1)  Minimum  open-area  ratio  to  establish  uniform  flow  in  the  subsonic 
speed  range  up  to  Mach  number  one. 
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(2)  Disturbances  at  the  downstream  end  of  a  partially  open  test  section 
leading  either  to  strong  Mach  number  reductions  or  to  strong  Mach 
number  increases  at  the  point  of  transition  from  test  section  to 
diffuser. 

(3)  Establishment  of  uniform  supersonic  flow  without  the  erratic  distri¬ 
butions  obtained  using  simple  rectangular  slots. 

These  three  problem  areas  will  be  discussed  in  more  detail  in  the  following 
paragraphs. 

2.  ESTABLISHMENT  OF  SUBSONIC  FLOW  IN  PERFORATED 
TEST  SECTIONS 

a.  Different  types  of  test-section  venting 

In  the  experiments  just  discussed,  the  test  sections  had  longitudinal  slots 
which  extended  into  the  diffuser  area  behind  the  test  section.  The  fact  that 
the  slots  did  extend  into  the  diffuser  section  is  of  significance  since,  in  this 
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a.  Auxiliary  compressor. 


A 


b.  Wall  openings  extending  into  diffuser, 

, - - DIFFUSER  FLAPS 


/t 


c.  Movable  diffuser  flaps. 

Fio.  12.2.  Different  schemes  for  mass  flow  removal  from  the  plenum  chamber, 
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way,  a  p)ortion  of  the  test-section  flow  can  enter  the  plenum  chamber  and 
can  be  discharged  from  there  into  the  diffuser  (see  Fig.  12.2b).  By  changing 
the  pressure  distribution  in  the  diffuser — for  instance,  by  increasing  the  power 
input  into  the  wind  tunnel  or,  more  generally,  by  reducing  the  pressure 
downstream  of  the  diffuser — the  amount  of  air  removed  from  the  plenum 
chamber  through  the  diffuser  end  of  the  slots  may  be  varied  and  controlled. 

Control  of  the  air  removed  from  the  plenum  chamber  can  also  be  easily 
accomplished  with  an  auxiliary  compressor  by  means  of  throttling  valves 
or  bypass  valves  which  arc  independent  of  the  power  input  to  the  main 
wind  tunnel  compressor.  It  is  even  possible  to  introduce  air  into  the  plenum 
chamber  and  from  there  through  the  slots  into  the  test  section  itself. 


ECXJIVALENT  MACH  NUMBER  IN  PLENUM  CHAMBER 
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Fig.  12.3.  Subsonic  Mach  number  distribution  in  perforated  test  section  with  parallel 
walls  and  open-area  ratios  between  5,2  and  33  per  cent.* 


Diffuser  suction  through  the  slots  extending  into  the  diffuser  and  suction 
by  an  auxiliary  compressor  in  a  test  section  having  openings  only  in  the 
test-section  area  itself  are  simply  two  different  methods  of  obtaining  mass 
flow  removal  from  the  plenum  chamber.  The  method,  that  is,  the  type  of 
mass  flow  removal  used,  should  not  affect  the  Mach  number  distribution 
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in  the  test  section  as  long  as  the  total  mass  removed  from  the  test  section 
remains  the  same.  Only  minor  local  differences  could  occur  in  the  immediate 
vicinity  of  the  suction  device  utilized,  for  instance,  in  the  vicinity  of  the 
flap  opening  (Fig.  12.2c)  or  near  the  wall  openings  which  extend  into  the 
diffuser  (Fig.  12.2b).  The  following  discussion  will  first  consider  the  mass 
flow  removal  from  the  plenum  chamber  as  a  freely  controllable  parameter 
and,  later,  the  advantages  and  disadvantages  of  the  various  means  of 
establishing  the  desired  amount  of  mass  flow  removal. 
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Fig.  12.4.  Subsonic  Mach  number  distribution  in  perforated  test  section  with  top  and 
bottom  walls  diverged  30*  and  open-area  ratios  between  5,2  and  33  per  cent.^ 


b.  Experimental  Mach  number  distribution  in  various  perforated  test  sections. 

In  a  systematic  series  of  tests  in  the  transonic  model  tunnel  of  the  AEDC 
several  test  sections  were  constructed  with  perforated  walls  having  an  open- 
area  ratio  ranging  from  5.2  to  33  per  cent. 2  Some  typical  subsonic  Mach 
number  distributions  obtained  with  these  walls  in  the  high  subsonic  Mach 
number  range  are  shown  in  Fig.  12.3. 
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Parallel  Wall  Setting. — The  walls  of  the  test  sections  were  set  parallel  for 
the  selected  series,  and  no  allowance  was  made  for  boundary^  layer  develop¬ 
ment  along  the  walls.  It  is  apparent  from  Fig.  12.3  that  in  all  cases  the  sub¬ 
sonic  Mach  number  distribution  was  very  regular,  as  previously,  at  the 
upstream  end  and,  particularly,  at  the  downstream  end  of  the  test  section. 

Even  at  geometric  open-area  ratios  of  5.2  per  cent,  the  venting  of  the  lest 
section  to  the  plenum  chamber  was  so  effective  that  the  constant  pressure 
in  the  plenum  chamber  controls  the  pressure  in  the  test  section  itself.  How¬ 
ever,  at  the  largest  open-area  ratio  of  33  per  cent,  long  wave-length  disturb¬ 
ances  in  the  Mach  number  distribution  through  the  test  section  occurred 
which  were  similar  to  the  disturbances  frequently  observed  in  completely 
open  test  sections.  This  observation  seems  to  indicate  that  test  sections  with 
parallel  walls  having  geometric  open-area  ratios  of  33  per  cent  or  more  act 
much  like  completely  open  test  sections. 


Diverged  and  Converged  Wall  Settings. — The  same  test  sections  w'ith  the  same 
walls  were  modified  so  that  the  top  and  bottom  walls  were  each  diverged  30'. 
Again  (see  Fig.  12.4)  the  subsonic  distributions  were  very  smooth  in  the 
extreme  downstream  region  of  the  test  section.  When  the  top  and  bottom 
walls  were  converged  30',  the  same  observ^ations  were  made  (Fig.  12.5). 

It  can  be  stated  in  conclusion  that  the  Mach  number  distribution  in 
perforated  test  sections  is  extremely  insensitive  in  the  subsonic  speed  range. 
Smooth  distributions  with  cons*^ant  Mach  number  are  obtained  regardless 
of  whether  the  wall  open-area  ratio  is  varied  between  5  and  33  per  cent  or 
the  test-section  walls  are  diverged  or  converged  by  30'.  The  flow  disturbances 
which  occur  at  the  downstream  end  of  the  test  sections  sometimes  indicate 
a  reduction  and  sometimes  an  increase  in  the  local  Mach  number  (see 
Figs.  12.3  and  12.4).  As  explained  in  more  detail  in  the  next  paragraph, 
these  flow  disturbances  can  usually  be  attributed  to  incorrect  setting  of 
the  auxiliary  plenum  chamber  suction.  When  too  much  suction  is  employed, 
the  Mach  number  at  the  downstream  region  of  the  test  section  is  reduced; 
when  not  enough  suction  is  applied,  the  Mach  number  at  the  downstream 
end  is  increased  and  might  even  reach  choking  conditions. 


c.  Theoretical  studies  of  subsonic  Mach  number  distribution  in  perforated  test  sections 
and  comparison  with  experiments 

In  order  to  obtain  a  better  understanding  of  the  experimental  results 
discussed  in  the  preceding  paragraphs,  a  theoretical  investigation  was 
conducted  to  determine  the  Mach  number  distribution  in  an  idealized 
fjerforated  test  section  as  a  function  of  plenum  chamber  suction  and  wall 
divergence  or  convergence.^  The  following  simplifying  assumptions  were 
made: 

(1)  The  flow  in  the  test  section  was  considered  to  be  isentropic;  this 
means  particularly  that  the  wall  boundary  layer  was  neglected. 

(2)  One-dimensional  flow  equations  were  utilized,  that  is,  the  flow 
parameters  were  assumed  to  be  constant  over  any  given  station  of 
the  test  section. 
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(3)  The  compressibility  effects  were  linearized. 

(4)  The  perforated  test-section  walls  were  assumed  to  exhibit  a  linear 
relationship  between  pressure  drop  and  cross  flow  through  the  wall. 

The  following  relationship,  defined  in  the  terms  used  in  Chapter  1 1  of 
this  AGARDograph,  exists: 

px-pc  ^  ^{pv)y  _  mx 

{pv)co  (p^)oo 


- □ - , - -r 

_ 

— X - 

\  -UT— u— 

> -  X'S  ^  OPPN 

0—0  -O 

O  i 

- ^ 

—0—0— 

0—0 - 

O - o- 

1 

1 

- 1 

J- - - -  PERFORATED  WALLS - W 

i _ 1 _  i  1  1 _ :  » 

J _ I _ ^ _ >  _ I _ ^ 

0  .5  1.0  1.5  2.0  2.5  3.0 

X/H 


Fig.  12.5.  Subsonic  Mach  number  distribution  in  perforated  test  section  with  top  and 
bottom  walls  converged  30'  and  open-area  ratios  between  5,2  and  33  per  cent.^ 


Here  {pv)y  =  mx  is  the  cross  flow  through  the  wall  per  unit  area  at  station  at, 
and  K  is  a  constant  to  be  determined  from  experiments.  Within  the  range 
of  validity  of  linearized  compressible  flow,  the  product  A'(l  may  be 

considered  a  constant  (sec  Chapter  11). 

Theory  for  Parallel  Walls. — If  a  square  test  section  with  parallel  walls  is 
assumed,  the  continuity  law  provides  the  basic  equation  for  determining 
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the  Macli  number  distribution  over  the  axial  length  of  the  test  section  (sec 
Fig.  12.6). 


Px^x 

(p»)oo 


Fig.  12.6.  PerforaUd  test  section  with  outflow  into  plenum  chamber  at 

subsonic  speed,^ 


After  the  wall  characteristics  and  the  boundary'  conditions  are  introduced 
into  the  above  equation,  the  following  result  is  obtained  for  the  local  outflow 
of  the  test  section. 


mz 
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In  the  above  equation  the  level  outflow  mxo  at  station  a:  =  0  is  connected 
with  the  pressure,  pc,  in  the  plenum  chamber  and  the  static  pressure,  pj^y 
at  the  upstream  end  of  the  perforated  test  section  (x  =  0)  in  the  following 
manner: 


mxo  px^'^pc 

i\ - =  - - 

(pi^)oo  \pcoV(x? 

When  the  plenum  chamber  pressure  is  controlled  in  such  a  manner  that 
it  is  exactly  equal  to  the  pressure  at  the  upstream  end  of  the  test  section  the 
above  equation  becomes: 


(pp)aO 


=  0 


and  m*  =  0 
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That  is,  through  the  entire  test  section  no  outflow  is  obtained  and,  conse¬ 
quently,  constant  Mach  number  is  maintained  over  the  entire  test  section, 
a  result  which  is  plausible  from  simply  physical  reasoning.  If,  however,  the 
plenum  chamber  pressure  is  controlled  in  such  a  manner  that  it  differs 
even  slightly  from  the  static  pressure  in  the  test  section  at  a:  =  0,  finite 
values  for  the  local  outflow  are  established  which  follow  a  quite  complicated 
mathematical  relationship. 

Tlie  pressure  distribution  over  the  length  of  the  test  section  is  shown  in 
Fig.  12.7  for  several  quantities  of  mass  flow  removal  for  a  test  section  with 


Fig.  12.7.  Pressure  diUribution  in  fferforaUd  test  section  with  parallel  walls  for  various 
plenum  chamber  suction  quantities  in  subsonic  flow  {pxo  —  static  pressure  in  test 

section  at  x  =s  0).^ 


an  assumed  outflow  resistance  characteristic  of  =2.5.  This 

value  corresponds  approximately  to  the  characteristic  parameter  of  a  perfor¬ 
ated  wall  with  3  per  cent  open-area  ratio  at  Mach  number  0.90.  The  indi¬ 
cated  mass  flow  removal  ratios  Atnlm  are  calculated  assuming  that  the  test 
section  has  a  length  three  times  its  width.  The  figure  shows  that  inflow  or 
outflow  of  the  test  section  influences  the  pressure  distribution  only  at  the 
downstream  end.  Even  with  5  per  cent  inflow  or  outflow,  only  the  last  one- 
third  of  the  test-section  length  is  noticeably  disturbed,  and  the  upstream 
two-thirds  is  practically  unaffected.  Furthermore,  at  5.2  per  cent  outflow 
the  difference  between  plenum  chamber  pressure  and  the  pressure  at  the 
upstream  end  of  the  test  section  at  =  0  is  only  Apjq  =  7  x  10“®,  that 
is,  for  all  engineering  purposes  the  pressure  difference  between  plenum 
chamber  and  test  section  is  non-existent  at  a:  =  0. 

The  axial  extent  of  the  disturbance  region  in  the  case  of  artificially- 
maintained  inflow  or  outflow  of  the  test  section  naturally  depends  upon 
the  open-area  ratio  of  the  wall.  In  the  limiting  case,  for  instance,  when  a 
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finite  number  of  infinitely  small  holes  are  provided  in  the  perforated  walls, 
the  pressure  drop  through  the  wall  reaches  infinitely  large  values,  and  the 
outflow  of  the  test  section  must  obviously  be  uniform  over  its  entire  length. 
Such  a  case  is  shown  in  Fig.  12.8  which  represents  the  pressure  distribution 
tlu*ough  a  perforated  test  section  for  1,3  per  cent  inflow  and  outflow  and  for 
various  values  of  the  wall  characteristic  constant  K.  The  smaller  the  cross- 
flow'  characteristic  constant,  for  instance  A"  =  1,  the  more  concentrated  the 


Fio.  12.8.  Pressure  distribution  in  perforated  test  section  with  parallel  walls  for  various 
ivall  parameters  K  in  subsonic  flow  {pxo  =»  static  pressure  in  test  section  at  x  ^  0),^ 

outflow  in  the  downstream  region  of  the  test  section.  The  larger  the  cross- 
flow  characteristic  constant,  for  instance,  K  approaching  infinity,  the 
farther  docs  the  disturbance  region  from  the  downstream  end  extend  toward 
the  upstream  region  of  the  test  section.  For  normal  wind  tunnel  application 
it  may  be  generally  assumed  that  outflow  or  inflow  of  the  plenum  chamber 
will  affect  the  pressure  distribution  in  the  downstream  region  of  the  test 
section  only.  In  this  case  it  is  assumed  that  the  wind  tunnel  main  compressor 
is  properly  adjusted  to  keep  the  mean  test  section  Mach  number  constant. 

Comparison  with  Experiments  for  Parallel  Walb, — The  Mach  number  distri¬ 
butions  over  a  test  section  with  typical  perforated  walls  are  shown  in  Fig. 
12.9  for  various  values  of  plenum  chamber  suction.^  In  order  to  maintain 
a  constant  Mach  number  in  the  main  portion  of  the  test  section,  the  wind 
tunnel  compressor  was  adjusted  in  such  a  manner  that,  in  spite  of  the  removal 
of  different  amounts  of  mass  flow,  constant  Mach  number  was  maintained. 
If  such  an  adjustment  had  not  been  made,  a  higher  Mach  number  would 
have  been  produced  when  the  plenum  chamber  suction  was  increased.  This 
behavior  can  be  attributed  to  the  fact  that  the  losses  in  the  wind  tunnel 
circuit,  particularly  in  the  diffuser,  are  considerably  reduced  if  the  boundary 
layer  approaching  the  diffuser  is  thinned  by  means  of  auxiliary  suction. 
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As  predicted  by  theory,  the  Mach  number  distributions  for  the  experi¬ 
ments  shown  in  Fig.  12.9  remained  practically  unchanged  over  much  of  the 
upstream  p>ortion  of  the  test  section,  even  when  more  and  more  air  was 
discharged  from  the  plenum  chamber.  At  small  suction  values  the  Mach 
number  started  to  rise  appreciably  at  the  test-section  end  and  approached 
choking  even  when  mass  flow  removal  was  0.8  per  cent.  This  phenomenon 
is  caused  by  the  boundary  layer  which  is  formed  along  the  perforated  walls. 


Fig.  12.9  Alach  number  distributions  for  perforated  test  section  with  parallel  walls  for 
various  plenum  chamber  suction  quantities.^ 


Boundary  layer  growth  has  the  same  effect  locally  as  inflow  to  the  test  sec¬ 
tion:  it  reduces  the  cross-sectional  area  available  for  the  main  test-section 
flow.  Consequently,  the  lx)undary  layer  effect  changes  the  effective  amount 
of  suction  compared  with  the  case  of  non-viscous  flow.  From  the  sample 
experiments  presented  in  Fig.  12.9  it  may  be  estimated  that  approximately 
2  per  cent  mass  flow  removal  is  required  in  order  to  establish  parallel  flow. 

To  make  comparison  possible,  the  plenum  chamber  pressures  for  the 
experiments  with  different  amounts  of  suction  have  been  converted  into 
fictitious  Mach  numbers  and  are  also  shown  in  Fig.  12.9.  It  is  apparent 
that  in  the  case  of  the  test  section  with  parallel  wall  setting,  the  plenum 
chaml^er  pressure  was  only  slightly  lower  than  the  test-section  pressure, 
even  at  the  extremely  large  mass  flow  removal  of  9.8  per  cent. 

The  concentration  of  the  mass  flow  rcmov'al  in  the  downstream  end  of 
the  test  section  significantly  affects  lx)undary  layer  removal  along  the  walls 
of  the  test  section.  If  shock-wave  cancellation  with  perforated  walls  is  to  be 
effective  (Chapters  9  and  10),  it  is  necessary  to  keep  the  wall  boundary 
layer  thin;  in  most  cases,  it  must  even  he  thinned  artificially  by  means  o 
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plenum  chamber  suction.  The  results  of  the  above  theoretical  study,  as 
verified  by  the  experiments,  indicate  that  simple  mass  flow  removal  from  the 
plenum  chamber  does  not  produce  the  desired  uniform  thinning  of  the 
boundary  layer  along  the  test-section  length.  While  much  of  the  boundary 
layer  is  removed  at  the  downstream  end  of  the  test  section,  practically  no 
removal  is  effected  in  the  main  portion  of  the  test  section.  Consequently, 
other  means,  which  will  be  discussed  subsequently,  must  be  employed  in 
conjunction  with  plenum  chamber  suction  to  accomplish  the  desired  thinning 
of  the  boundary  layer  in  the  critical  upstream  and  middle  region  of  the  test- 
section  length. 

Theory  for  Test  Sections  ivith  Non-Parallel  Walls, — For  the  following  calcu¬ 
lation  it  is  assumed  that  all  four  walls  of  the  experimental  test  section  arc 
set  at  the  same  diverging  or  converging  angle.  As  is  apparent  from  consid¬ 
eration  of  Fig.  12.10,  not  all  test-section  flow  which  crosses  the  reference 


Fig.  12.10.  Sketch  for  definition  of  reference  planes  for  diverged  test  section,^ 


planes  must  also  cross  the  perforated  walls.  A  certain  amount  will  flow 
between  the  reference  planes  and  the  perforated  walls.  The  same  calculations 
previously  derived  for  parallel  walls  may  be  applied  to  the  non-parallel 
walls,  but  only  cross  flow  through  the  walls  must  be  considered  as  producing 
the  pressure  drop  through  the  walls.  The  unit  mass  flow,  accounting  for 
the  flow  between  the  reference  plane  and  the  picrforatcd  walls,  can  be 
obtained  from  the  following  equation  for  flow  continuity: 


mx^i^Hxdx) 


d.r 


dx{pxVx) 


or  in  a  simplified  linearized  manner: 


\dHx 

2’77 


(px^x) 


IdHx 

2*^ 


(pf)«o 


With  the  above  approximate  version  of  the  mass  flow  between  the  refer¬ 
ence  plane  and  the  perforated  wall,  the  results  of  the  parallel  wall  calcu¬ 
lations  can  be  adapted  by  simply  correcting  the  local  outflow  of  the  test 
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sectioiL  Wx,  by  the  value,  mx  ,  shown  alx>ve.3  In  a  similar  manner  the 
pressure  level  can  be  easily  corrected  by  use  of  the  linearized  pressure  equa¬ 
tions. 

Some  orienting  calculations  for  converged  and  diverged  wall  settings 
were  carried  out  according  to  the  relations  described  above.  The  results 
are  shown  in  Fig.  12.11  for  the  case  of  no  plenum  chamber  mass  flow 
removal,  that  is,  for  Am  m  =  0  and  a  typical  wall  porosity  constant 
A"(l  —  A/*)  =  2.5.  As  in  the  case  of  parallel  wall  settings,  practically  constant 
pressure  distribution  is  maintained  in  the  forward  and  middle  portions  of 


Fi(i.  12.11.  Pressure  distribution  in  fterf orated  test  section  for  various  wall  settings 
without  inflow  into  the  test  section  (subsonic  flow,  two  walls  converged  or  diverged, 
pe  =  plenum  chamber  /tressure).^ 


the  test  section,  while  large  disturbances  (either  toward  higher  Mach 
numbers  in  the  case  of  wall  convergence  or  toward  lower  Mach  numbers 
in  the  case  of  wall  divergence)  are  established  at  the  downstream  end.  It  is 
significant  that  with  the  converged  wall,  nearly  constant  outflow  is  estab¬ 
lished  over  the  main  forward  test-section  region,  as  indicated  by  the  lower 
pressure  in  the  test  section  compared  with  that  of  the  plenum  chamber. 
The  overall  picture  of  the  outflow  and  inflow  distribution  is  shown  schem¬ 
atically  in  Fig.  1 2. 12b  for  the  case  of  a  convergent  wall  setting.  While  a 
uniform  outflow  occurs  over  the  main  portion  of  the  test  section,  a  concen¬ 
trated  inflow  of  the  same  total  amount  is  established  in  the  downstream 
portion  of  the  lest  section  (no  mass  flow  removal). 

Local  wall  cross-flow  distribution  is  shown  in  Fig.  12.12c  for  the  case  of 
divergence.  In  this  case,  uniform  inflow  occurs  over  the  main  portion  of  the 
test  section  while  a  strong  outflow  is  established  at  the  downstream  end.  It 


293 


TRANSONIC  WIND  TUNNEL  TESTING 

is  important  to  note  that  in  the  case  of  both  the  converged  and  the  diverged 
test  sections,  no  uniform  pressure  distribution  through  the  test  section  is 
possible  without  auxiliary  suction  or  bleeding. 

The  fact  that  uniform  flow  in  the  entire  test  section,  including  its  down¬ 
stream  portion,  can  be  obtained  in  a  converged  or  diverged  wall  test  section 
only  by  the  proper  amount  of  plenum  flow  removal  is  demonstrated  in 


a.  CORRECT  CONVERGENCE 


PUMP 


b.  EXCESS  CONVERGENCE 


PUMP 


r 


C.  EXCESS  DIVERGENCE 


PUMP 


Fig.  12.12.  How  pattern  for  correct  and  incorrect  wall  setting  of  perforated  test  section,'^ 


Fig.  12.13.  For  this  sample  calculation  a  constant  inflow  of  Aw  m  =  -0.026 
was  established.  It  may  be  seen  that  with  a  wall  setting  of  15'  divergence  a 
constant  pressure  is  established  over  the  entire  test  section.  If  the  wall  setting 
is  changed  to  either  larger  divergence  or  to  convergence,  pressure  disturb¬ 
ances  similar  to  those  previously  encountered  are  developed.  Correct 
matching  of  test-section  wall  convergence  and  mass  flow  removal  will  result 
in  the  desired  uniform  distribution  of  local  mass  flow  as  shown  in  Fig. 
12.12a. 

Comparison  of  Experiments  with  Convergent  and  Divergent  Walls. — Uniform 
flow  distribution  through  the  test  section  is  possible  only  when  wall  con¬ 
vergence  or  divergence  and  plenum  chamber  mass  flow  removal  are 
properly  matched.  This  conclusion  from  the  simplified  theory  is  verified 
by  the  experimental  results  presented  in  Fig.  12.14  (Ref.  3).  This  figure 
shows  the  Mach  number  distribution  in  a  typical  perforated  wall  test 
section  for  no  mass  flow  removal  from  the  test  section  and  various  wall 
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Fkj.  12.13.  Pressure  distribution  in  perforated  test  section  for  various  wall  settings  and 
constant  inflow  into  the  test  section  (subsonic  flow,  tuH)  walls  converged  or  dii^ged, 
cP  =  plenum  chamber  pressure).^ 


X/H 

Fig.  12.14.  Afach  number  distribution  through  fmforated  test  section  without  plenum 
chamber  suction  for  various  wall  settings.^ 
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divergent  or  convergent  settings.  As  predicted  by  theory^  locally  larger  or 
smaller  Mach  numbers  are  established  by  the  downstream  end  of  the  test 
section  when  the  walls  are  either  diverged  or  converged.  However,  even  in 
such  cases  of  mismatch,  the  Mach  numlDcr  distribution  through  the  test 
section  is  practically  unaffected  and  uniform  at  the  extreme  downstream 
end.  When  no  mass  is  removed  from  the  plenum  chamber,  uniform  flow 
can  be  maintained  to  the  end  of  the  test  section  only  with  a  wall  divergence 
of  approximately  25'.  It  is  to  be  noted  that  in  the  experiments  presented 
in  Fig.  12.14  only  two  vv^alls  of  the  test  section  were  converged  or  diverged; 
the  two  side  walls  remained  at  the  parallel  setting. 

d.  Summary 

The  preceding  theoretical  and  cxf)crimcntal  investigations  of  uniform 
thinning  of  the  boundary  layer  in  the  test  section  may  be  summarized  as 
follows: 

(1)  Mass  flow  removal  from  the  plenum  chamber  will  result  in  uniform 
boundary  layer  thinning  through  the  entire  test-section  length,  only 
when  the  correct  amount  of  wall  convergence  is  simultaneously 
applied. 

(2)  Merely  discharging  air  from  the  plenum  chamber  without  properly 
converging  the  walls  will  not  produce  uniform  thinning  of  the 
boundary^  layer,  as  is  required  for  shock-wave  reflection  consideration. 
At  subsonic  speeds,  concentrated  local  disturbances  in  the  down¬ 
stream  portion  of  the  test  section  are  established. 

3.  ESTABLISHMENT  OF  SUBSONIC  FLOW  IN  SLOTTED 
TEST  SECTIONS 

Basically  the  same  relationships  presented  for  perforated  test  sections  arc 
also  valid  for  slotted  test  sections,  as  numerous  exj>criments  with  slotted 
test  sections  show.  As  in  the  case  of  p>erforated  test  sections,  the  Mach 
number  distribution  in  the  subsonic  speed  range  is  not  very  sensitive  to  the 
slot  shape  and  the  open  area  of  the  slots.  Only  at  the  downstream  end  of  the 
test  section  do  local  disturbances  in  Mach  number  distribution  frequently 
occur,  and  these  can  be  effectively  controlled  by  plenum  chamber  suction. 

Typical  Mach  number  distributions  in  the  subsonic  speed  range  for  the 
NACA  Langley  Field  16  ft  transonic  wind  tunnel  are  shown  in  Fig.  12.15 
(Ref.  4).  In  this  wind  tunnel  numerous  tapered  longitudinal  slot  configura¬ 
tions  having  different  distributions  of  width  were  investigated.  Though  this 
width  distribution  of  slots  has  a  significant  effect  on  the  quality  of  the  test- 
section  flow  in  the  supersonic  speed  range,  the  two  drastically  different  slot 
shaj>es  selected  for  the  subsonic  testing  shown  in  Fig.  12.15  both  show  uniform 
Mach  number  distribution  within  the  accuracy  of  normal  testing.  Only  at 
the  downstream  end  of  the  test  section  do  disturbances  occur. 

The  open-area  ratio  of  the  eight  slots  used  in  the  NACA  experiments 
described  above  was  12  J  ]:>er  cent.  In  other  test  scries  uniform  Mach  number 
distribution  was  obtained,  even  when  the  open-area  ratio  of  the  slotted 
wind  tunnels  was  drastically  reduced.  For  example,  in  some  sy^stematic 
experiments  using  wind  tunnels  equipped  with  slotted  test  sections  of 
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7.5  X  3  in.  cross  section,  the  open-area  ratio  of  the  slots  was  reduced  from 
8.0  per  cent  to  0.5  per  cent.^  Only  the  upper  and  lower  walls  of  the  test 
section  were  slotted;  the  two  side  walls  were  kept  solid  (see  Figs.  12.16  and 
12.17a).  This  model  test  section  was  equipped  with  slots  of  constant  width 
which  extended  from  the  beginning  of  the  test  section  some  distance  into 
the  diffuser.  In  this  w^ay,  a  certain  amount  of  plenum  chamber  suction  was 
provided  w'hich  depended  upon  the  pressure  distribution  in  the  diffuser.  A 
uniform  Mach  number  distribution  through  the  test  section  w'as  obtained 


X 


o 
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f'rc;.  12.15.  Mach  number  distribution  at  centerline  of  NACA  iMtigley  16  ft  transonic 
tunnel  for  two  slot  shapes  in  subsonic  speed  ranged 


with  the  open-area  ratio  l^etween  8  and  2.7  per  cent.  Also  with  the  open-area 
ratio  reduced  to  1  per  cent,  uniform  Mach  number  distribution  in  the  test 
section  proper  was  established  except  for  a  local  disturbance  near  x  H  =  0.7 
(Fig.  12.16).  In  the  latter  case,  however,  a  strong  disturbance  did  develop 
in  the  dowmstream  region  of  the  test  section,  as  w^as  to  be  expected. 

When,  in  the  above  test  series,  the  area  ratio  of  the  longitudinal  slots  was 
reduced  to  one-half  per  cent  (Fig.  12.17a),  the  Mach  number  distribution 
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in  the  forward  portion  of  the  test  section  was  still  quite  uniform.  However, 
the  strong  disturbance  downstream  of  the  test  section  extended  forward 
through  the  entire  rear  half  of  the  test  section  (Ref.  5), 

According  to  the  theory  described  for  perforated  test  sections,  this  down¬ 
stream  test-section  disturbance  could  be  greatly  reduced  in  intensity  if  air 
were  removed  from  the  plenum  chamber  and  the  choking  condition  at  the 
downstream  end  of  the  working  section  were  thus  alleviated.  This  result 
was  actually  experimentally  observed  (Fig.  12.1 7b)  when  additional  openings 
were  provided  in  the  diffuser  through  w’hich  air  was  sucked  from  the  test 
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Fig.  12.16.  Mach  number  distribution  along  wall  of  7.5x3  in,  slotted  wind  tunnel 
for  different  slot  open  areas? 


section  into  the  low  pressure  region  of  the  diffuser.  The  Mach  number 
distribution  is  much  smoother  with  the  additional  plenum  chamber  suction 
(see  Fig.  12.17a  for  comparison).  Since  the  slotted  test  sections  were  identical 
for  both  scries  of  experiments  (Figs.  12.17a  and  b)  the  only  difference  was 
the  open  area  added  in  the  diffuser  to  increase  plenum  chamber  suction. 

The  fact  that  the  flow  disturbances  in  the  downstream  piortion  of  slotted 
test  sections  depend  decisively  upon  the  amount  of  air  which  is  cither 
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removed  from  or  added  to  the  plenum  chamber  was  demonstrated  clearly 
in  a  test  series  conducted  in  the  transonic  model  tunnel  of  the  AEDC.  In 
these  tests,  a  slotted  test  section  was  equipjjed  with  slots  extending  only 
through  the  test  section  itself.®  Plenum  chaml^er  suction  or  bleed-in  was 
provided  by  either  an  auxiliary  suction  source  or  by  simple  blecd-in  from  a 
high-pressure  area.  Some  typical  Mach  number  distributions  for  a  test- 
section  configuration  having  sixteen  slots  with  a  total  open-area  ratio  of 
11  per  cent  arc  shown  in  Fig.  12.18.  While  the  Mach  number  was  kept 
constant  by  proper  control  of  the  pressure  at  the  downstream  end  of  the 
diffuser,  the  mass  removal  from  the  test  section  (parallel  walls)  was  varied 
from  no  removal  to  2.8  and  5,0  per  cent  of  the  test-section  flow.  Without 
plenum  chamber  suction,  the  Mach  number  at  the  downstream  end  increased 
greatly  as  a  result  of  the  boundary  layer  development  along  the  test-section 


a.  Without  additional  slots  in  diffuser. 
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b.  With  additional  slots  in  diffuser. 


Fio.  12.17.  Afach  number  distribution  along  wall  of  7.5x3  in.  slotted  wind  tunnel 
with  and  without  additional  slots  in  diffuser.^ 


walls.  The  results  from  5  per  cent  mass  flow  removal  indicate  that  too  much 
air  was  removed  through  the  slots  and  that,  consequently,  the  Mach  number 
in  the  downstream  region  was  drastically  reduced.  The  proper  amount  of 
suction,  that  is,  approximately  2.8  per  cent,  resulted  in  uniform  Mach 
number  distribution  through  the  entire  test  section. 
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Tlie  comparison  of  the  test  results  for  various  slotted  test  sections  with  the 
theory,  presented  in  Section  2c  of  this  chapter,  indicates  clearly  that  in 
slotted  test  sections,  also,  plenum  chamber  suction  or  bleed-in  affects  only 
the  flow  in  the  downstream  end  of  the  test  section;  the  main  portion  of  the 
test-section  flow  is  practically  unaffected.  Furthermore,  when  mass  flow  is 
removed  from  the  plenum  chamber  without  simultaneously  converging  the 
test-section  walls,  the  boundary  layer  along  the  wall  is  not  thinned  in  the 
main  portion  of  the  test  section  but  only  in  the  extreme  downstream  region. 


Fio.  12.18.  Influence  of  plenum  chamber  suction  on  Mach  number  distribution  at  centerline 
of  slotted  test  section  {solid  diffuser  walls y  sixteen  slots  with  1 1  per  cent  open-areay 

parallel  walls). ^ 


In  order  to  provide  an  effective  thinning  of  the  boundary  layer  through  the 
entire  test  section  a  proper  combination  of  wall  convergence  and  mass  flow 
removal  from  the  plenum  chamber  must  be  applied.  In  view  of  the  non¬ 
linear  relationship  between  local  mass  flow  removal  and  local  pressure 
difference  between  test  section  and  plenum  chamber,  however,  it  is  probable 
that  the  plenum  chamber  pressure  of  slotted  test  sections  differs  even  less 
from  the  mean  test-section  pressure  than  does  the  plenum  chamber  pressure 
of  perforated  test  sections. 

4.  SUPERSONIC  FLOW  ESTABLISHMENT  IN  PERFORATED 
TEST  SECTIONS 

a.  Theoretical  considerations 

In  suitably  designed  partially  open  test  sections,  the  Mach  number  in 
the  test  section  can  be  increased  beyond  sonic  speed  by  merely  increasing 
the  pressure  rise  of  the  wind  tunnel  compressor  or  the  plenum  chamber 
mass  flow  removal.  This  fact  is  very  significant  because  in  conventional 
supersonic  wind  tunnel  operation,  supersonic  Mach  numbers  can  be  estab¬ 
lished  only  by  placing  ahead  of  the  test  section  a  supersonic  nozzle  which 
has  a  definite  contour  for  each  individual  Mach  number.  Moreover,  the 
necessary  change  in  contour  is  so  small  near  Mach  number  one  that  it  is 
practically  impossible  in  a  closed  test  section  to  establish  the  very  small 
changes  in  this  Mach  numl^cr  range.  Also,  it  is  extremely  difficult  in  such 
tunnels  to  control  the  degree  of  test-section  divergence  needed  for  Ixjundary 
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layer  compensation  in  such  a  manner  that  no  Mach  number  gradients  of 
significance  occur.  In  practical  operation  of  partially  open  wind  tunnels, 
therefore,  the  supersonic  test  Mach  numbers  near  Mach  numl^r  one  are 
always  established  by  mass  flow  removal  from  the  plenum  chamljcr.  This  is 
true  regardless  of  whether  or  not  a  supersonic  nozzle  is  prov  ided. 

A  distinct  diflcrencc  exists  in  the  effects  of  mass  flow  removal  from  the 
plenum  chamber  for  the  supersonic  and  the  subsonic  speed  ranges.  In 
subsonic  flow,  a  change  in  the  mass  flow  removal  affects  only  the  Mach 
number  distribution  in  the  downstream  portion  of  the  test  section,  but  this 
is  not  true  in  the  test  section  proper.  (Again  it  should  be  remembered  that 
increased  mass  flow  removal  generally  leads  to  a  reduction  of  tlie  flow  losses 
in  the  wind  tunnel  circuit  and  thus  might  indirectly  cause  a  change  in  the 
test-section  Mach  number.)  In  supersonic  flow,  the  relationships  are  funda¬ 
mentally  different,  as  can  be  readily  demonstrated  by  consideration  of  the 
simplified  theory. 

The  supersonic  flow  pattern  for  plenum  chamber  suction  is  presented 
schematically  in  Fig.  12.19.  This  pattern  is  the  equivalent  of  the  subsonic 
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Fig.  12.19.  Perforated  test  section  with  outflow  into  plenum  chamber  at 
supersonic  speed.^ 

flow  pattern  shown  in  Fig.  12.6.  Local  outflow  through  the  perforated  wall 
creates  locally  lower  pressures  by  means  of  Mach  waves.  When  the  same 
simplified  assumptions  are  made  for  these  theoretical  calculations  as  for 
subsonic  flow  (see  Section  2c  of  this  chapter),  the  following  equation  for 
local  outflow  through  a  wall  element  as  a  function  of  the  axial  station  is 
obtained : 
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The  local  pressure  difference  between  test  section  and  plenum  chamber 
can  then  be  readily  obtained  by  means  of  the  assumed  linearized  wall 
characteristic  and  linearized  compressible  flow  equations; 

ifhoVo:? 

The  pressure  distribution  obtained  from  the  above  equations  for  a  typical 
case  of  a  perforated  wall  is  presented  in  Fig.  12.20  for  various  amounts  of 


Fig.  12.20.  Supersonic  pressure  distributions  in  perforated  test  section  with  parallel 
walls  for  various  plenum  chamber  suction  quantities  for  A*(A/2  — 1)  »  2.5  {Pxo 
static  pressure  in  test  section  at  x  ^  0).* 

mass  flow  removal  from  and  bleed-in  to,  the  plenum  chamber.  Unlike  the 
subsonic  case  (see  Fig.  12.7),  all  non-uniformities  in  the  supersonic  flow  are 
concentrated  in  the  upstream  portion  of  the  test  section.  Hence,  if  the  flow 
approaching  the  test  section  is  assumed  to  be  choked,  a  variation  in  the 
plenum  chamber  suction  will  result  in  a  change  of  Mach  numl)cr  in  the 
test  section  proper.  The  upstream  portion  of  the  test  section  acts  as  a  super¬ 
sonic  nozzle  which  establishes  flow  in  the  test  section.  Hence  control  of  the 
mass  flow  from  the  plenum  chamber  represents  a  convenient  means  of  adjust¬ 
ing  the  test  Mach  number  to  the  desired  value. 

One  basic  assumption  made  in  the  derivation  of  the  equation  for  Mach 
number  of  pressure  distribution  through  the  test  section  (Fig.  12.20)  is  that 
the  pressure  in  the  test  section  is  influenced  only  by  the  primary  waves 
produced  by  local  mass  outflow  or  inflow.  It  is  specifically  assumed  that  all 
reflections  of  the  primary  expansion  or  compression  waves  are  cancelled 
completely  by  the  partially  open  wall.  If  cancellation  of  waves  is  not  com¬ 
pletely  achieved,  the  resulting  wave  reflections  will  cause  fluctuation  in 
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the  pressure  distribution  which  could  make  a  test  section  unsuital)le  for 
wind  tunnel  testing. 

From  these  theoretical  calculations  it  can  he  concluded  that  only  in  the 
most  upstream  portion  of  the  test  section  is  a  thinning  of  the  boundary 
layer  produced  by  mass  flow  removal  from  the  plenum  chamber;  in  the 
test  section  proper  the  growth  of  the  boundary  layer  along  the  perforated 
walls  remains  unchecked.  In  order  to  provide  for  boundary  layer  removal 
through  the  entire  length  of  the  test  section,  the  walls  must  be  converged 
and  a  suitable  matching  l>etween  convergence  angle  and  mass  flow  removal 
must  be  established,  as  in  the  subsonic  case  (see  Section  2a  of  this  chapter). 

b.  Test  section  with  sonic  nozzlf 

Theoretical  Relationships. — In  conventional  supersonic  wind  tunnels  super¬ 
sonic  flow  is  established  by  means  of’ a  contoured  nozzle.  The  initial  ix>rtion 
of  the  nozzle  beyond  the  throat  may  be  of  any  shape,  within  certain  limits. 
However,  the  downstream  portion  is  predetermined  by  the  condition  that 
all  waves  initiated  in  the  upstream  portion  must  be  cancelled  by  proper 
curvature  of  the  wall  element  so  that  parallel  flow  in  the  test  section  is 
established.  As  a  consequence  of  this  well-known  rule,  supersonic  nozzles 
have  a  minimum  length  which  depends  upon  the  Mach  number  (Fig. 
12.21).  Detailed  consideration  of  the  flow  pattern  of  one  such  nozzle  proves 


Fig.  12.21.  Wind  tunnel  inlet  nozzles  with  typical  wave  systems  for  various  subsonic 
and  supersonic  Mach  numbers. 

that  the  expanding  nozzle  flow  crosses  an  imaginary  partially  open  wall, 
parallel  to  the  centerline  of  the  nozzle,  at  normal  velocities  which  reach  a 
maximum  near  the  inflection  point  of  the  contoured  nozzle  (see  Fig.  12.22). 
Downstream  of  the  inflection  point,  they  gradually  decrease  to  zero.  If  a 
partially  open  wall  were  provided  with  a  suction  system  which  could  control 
the  local  outflow  through  the  wall  in  the  manner  indicated  by  the  normal 
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velocity  distributions,  the  flow  within  the  test  section  would  be  the  same  as 
that  which  occurs  in  a  closed  test  section  with  a  supersonic  nozzle. 

Consequently,  to  establish  smooth  supersonic  flow  in  transonic  test  sections 
by  means  of  a  sonic  nozzle,  the  distribution  of  the  wall  cross  flow  must  be 
controlled  precisely  to  simulate  the  normal  cross-flow  velocity  distribution 
of  a  conventional  supersonic  nozzle. 

Since  the  distribution  of  the  normal  velocity  components  along  a  partially 
open  wall  can  be  readily  calculated,  by  the  method  of  characteristics,  for 
example;  it  is  possible  to  determine  theoretically  the  open-area  ratio  distri¬ 
bution  in  the  flow-establishing  section  of  a  perforated  test  section  when 
suitable  assumptions  are  made  concerning  the  wall  characteristics.  Fortu¬ 
nately  the  conditions  in  partially  open  wind  tunnels  are  considerably  less 
critical  than  in  closed  wall  wind  tunnels  because  a  partially  open  wall  is 
automatically,  to  a  large  extent,  capable  of  eliminating  waves.  .\s  a  result  of 
this  fortunate  characteristic  of  partially  open  walls,  the  greatly  simplified 
pattern  of  wall  opening  distribution  in  the  flow-establishing  section  provides 
the  desired  uniform  supersonic  flow.  Some  typical  tests  showing  this  effect 
will  be  discussed  in  the  following  sections. 

The  method  of  establishing  supersonic  flow  in  partially  op>cn  test  sections 
with  sonic  wind  tunnel  nozzles  is  practical  only  over  a  relatively  narrow 
Mach  number  range,  slightly  alxive  Mach  number  one,  in  spite  of  the 
significant  advantages  of  the  method  with  respect  to  the  simplicity  of  the 
required  equipment  (no  precision  supersonic  nozzle  is  required).  The  limits 
to  practical  application  are  set  by  the  rapidly  increasing  requirement  for 
mass  flow  removal  when  the  supersonic  Mach  number  is  increased  much 
l>eyond  Mach  numljer  one.  The  amounts  of  air  which  must  be  bypassed 
are  shown  in  the  following  table: 

Mass  Flow  Removal  Requirements  for  Partially  Open 
Test  Sections  Hainng  Sonic  \ozzles 
(Isentropic  Flow) 


Mach 

Number 

Mass  Flow  Removal^ 
\mlm,  per  cent* 

1.0 

0.0 

1.1 

0.8 

1.2 

3.0 

1.3 

6.6 

1.4 

11.5 

1.5 

17.6 

*  Related  to  total  test  section  flow. 


To  establish  a  Mach  number  of  1.1,  only  approximately  0.8  per  cent  of 
the  test-section  flow  need  be  bypassed;  this  value  increases  to  3.0  per  cent 
at  Mach  number  1.2  and  to  11,5  per  cent  at  Mach  number  1.4.  Since  the 
by'passed  air  cannot  avoid  losing  most  of  its  kinetic  energy  because  of  vortex 
formation  in  the  plenum  chamber,  the  diffuser  efficiency  of  the  wind  tunnel 
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at  a  Mach  number  of  1.4  is  automatically  reduced  by  the  factor  of  approx¬ 
imately  I  1.11  =  0.9.  In  addition,  the  large  volume  flow  of  the  bypass  air 
which  must  be  handled  rapidly  exceeds  the  limits  of  practical  operation  at 
higher  Mach  numbers.  Consequently,  only  relatively  small  transonic  wind 
tunnels  which  have  a  test-section  height  not  exceeding  approximately  1  ft 


Fk;.  12.22.  Suf>ef sonic  wind  tunnel  nozzle  with  conventional  solid  walls  and  with 
ftartially  often  walls  in  conjunction  with  controlled  local  outflow. 


are  built  for  operation  at  supersonic  Mach  numbei's  up  to  (and  even  exceed¬ 
ing)  1.25,  if  the  supersonic  flow  is  to  be  established  by  means  of  a  sonic 
noz/lc  used  in  conjunction  with  plenum  chamber  suction.  All  larger  wind 
tunnels  either  are  restricted  in  maximum  Mach  number  to  approximately 
1.2  when  sonic  nozzles  are  employed  or  use  supersonic  nozzles  to  establish 
supersonic  flow  in  the  conventional  manner. 

Experiments  inth  Various  Perforated  Test  Sections, — In  the  systematic  studies 
of  perforated  wall  configurations  conducted  in  the  AI'^DC  transonic  model 
tunnel,  walls  with  approximately  22.5  per  cent  open-area  ratio  were  exam¬ 
ined  at  parallel  wall  settings. ^  At  subsonic  Mach  numbers,  uniform  flow 
could  be  readily  established  in  the  test  sections,  but  the  flow  at  supersonic 
Mach  numbers  was  extremely  wavy  and  consequently  unsuited  for  wind 
tunnel  resting  (see  P'ig.  12.23a).  The  initial  extensive  over-expansion  in  the 
forward  portion  of  the  test  section  which  produced  a  strong  wave  pattern 
throughout  the  test  section  was  particularly  disturbing.  'Fliis  wave  system 
was  only  gradually  eliminated  by  the  effect  of  the  perforated  walls. 

In  order  to  provide  a  simple  control  of  the  outflow  of  the  test  section  as 
a  first  step  toward  achievement  of  the  required  theoretical  outflow  distri¬ 
butions,  the  upstream  portion  of  all  four  perforated  walls  was  partially 
closed  by  a  set  of  solid  taper  strips  (see  Fig.  12.24).  This  extremely  simple 
configuration  change  resulted  in  very  sm(K)th  Mach  number  distributions 
in  the  test  section  (Fig.  12.2.3). 

Similar  results  were  obtained  in  numerous  other  test  series  with  different 
walls.  At  the  most  common  open-area  ratios,  from  20  to  33  per  cent,  the 
simple  straight  taper  strips  always  proved  effective  up  to  Mach  numbers  of 
approximately  1.2,  the  limit  of  most  of  these  investigations.  However,  with 
wall  open-area  ratios  of  from  5  to  10  per  cent,  no  taper  strips  were  required 
to  establish  the  desired  uniform  flow. 
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Experiments  with  Tapered  Porosity  Sections  of  Different  Lengths, — In  the 
British  ARA  9  x  8  ft  transonic  wind  tunnel,  an  extensive  investigation  was 
carried  out  to  determine  a  suitable  tapered  porosity  distribution  for  the 
perforated  test  section*  of  this  wind  tunnel.  This  test  section  is  characterized 
by  a  rather  short  length  of  only  1.44  x  mean  width  of  the  tunnel  working 
section.  For  the  Mach  number  range  up  to  1.1  the  flexible  supersonic  nozzle 
preceding  the  working  section  is  set  at  a  sonic  contour  because  of  design 
limitations.  Also,  in  order  to  utilize  as  much  as  possible  of  the  perforated 
test  section  as  a  working  section,  the  region  of  perforated  porosity  used  for 


a.  Uncontrolled  expansion  b.  Controlled  expansion 

(no  taper  strip),  (with  taf^er  strip), 

Fi(i.  12.23.  Mach  number  distribution  in  perforated  test  section  with  uncontrolled  and 
controlled  supersonic  flow  expansion  (walls:  22  per  cent  open^  parallel  setting), 


Fk;.  12.24.  Sketch  of  fterforated  test  section  with  solid  taper  strips  for  controlled 

supersonic  expans  ion, 
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the  flow  l)uild-up  had  a  length  0.65  x  the  mean  test-section  height  instead 
of  0.83  X  tlie  mean  height  as  was  generally  the  case  in  tlie  previously  cited 
AI^DC'  tests  (see  Fig.  12.25).  The  porosity  of  lx>th  vertical  walls  started 
further  upstream  than  did  that  of  the  horizontal  walls  (Fig.  12.25a). 

Some  typical  Mach  number  distributions  are  shown  in  Fig.  12.26  for  the 
wall  open-area  ratio  of  22.5  per  cent  with  both  diffuser  and  auxiliary 
suction  applied.  Even  in  the  subsonic  Macli  number  range  between  0.9  and 
I.O,  the  Mach  number  did  not  reach  a  uniform  value  upstream  of  x  H  = 
0.40,  measured  from  the  beginning  of  the  porous  test  section.  At  supersonic 
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(b)  Modified  Porosity  Distribution 


Fig.  12.25.  Porosity  distribution  of  British  ARA  9x8  ft  transonic  wind  tunnel.^ 
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Mach  numbers,  the  establishment  of  the  final  test-section  flow  was  shifted 
even  further  downstream,  and  the  uniformity  of  the  Mach  number  curves 
was  not  satisfactory.  It  is  suspected  that  not  only  the  shorter  axial  extent  of 
the  tapered  porosity  section,  but  also  the  relatively  thicker  boundary  layer 
at  the  beginning  of  the  working  section  might  be  responsible  for  the  observed 
non-uniformities. 


1 - 

1 

1 

1 

1 

M„  .  1, 

.III 

1 

i 

1 

1 

! 

— O— i. 

1  ^ 

Mpe- 1.076 

I 

,95 


.65 


j  o  |)- 


0-0- 


-  TAPERED 


CONSTANT  POROSITY 

* 


-20 


.20 


.4  0 


.60 

X/H 


.80  hOO  1.20  1.40 


Fig.  12.26.  Mach  number  distribution  in  ARA  transonic  9  x8 ft  wind  tunnel  with 
initial  porosity  distribution^  parallel  walls,  and  sonic  nozzle  {Mpe  =»  equivalent  Mach 
number  in  plenum  chamber).^ 

On  the  basis  of  the  initial  investigations  of  the  Mach  number  distribution, 
a  redesign  of  the  tapered  porosity  section  was  gradually  accomplished.  The 
guiding  idea  was  to  increase  the  axial  extent  of  the  tapered  section  by 
extending  the  tapered  porosity  section  approximately  0.18  x//  upstream 
and,  more  significantly,  to  change  the  approximately  linear  growth  of  porosity, 
as  employed  initially,  to  a  more  refined  rate  of  growth  (see  Fig.  12.25b).  The 
final  distribution  of  porosity  consisted  of  an  initial  rapid  increase,  then  a 
region  with  nearly  constant  porosity,  followed  by  a  final  region  with  rapid 
increase  of  approximately  linear  rate.  The  middle  region  with  nearly  con¬ 
stant  porosity  was  found  to  be  most  effective  in  eliminating  over-expansion 
of  the  test  section  flow.  As  intended,  the  Mach  number  distribution  in  the 
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test  section  at  l>oth  subsonic  and  supersonic  Mach  numbers  was  considerably 
improved  (see  Fig.  12.27).  At  a  test-section  Mach  number  of  approximately 
1.10,  the  region  with  satisfactorily  uniform  flow  begins  at  the  station  located 
approximately  0.6  x  H  downstream  of  the  upstream  end  of  the  porosity 
section.  This  axial  extent  is  in  good  agreement  with  the  data  cited  for  the 
AFDC  transonic  model  tunnel  and  shown  in  Fig.  1 2.23b. 

c.  Test  sections  equipped  with  supersonic  nozzles 

When  a  conventional  supersonic  nozzle  is  used  to  establish  supersonic 
flow,  the  problem  of  flow  uniformity  in  perforated  test  sections  is  greatly 
simplified.  In  the  absence  of  wall  contour  irregularities  or  boundary  layer 
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Fig.  12.27.  Mach  number  distribution  in  ARA  transonic  9  x  8ft  wind  tunnel  with 
modified  porosity  distribution^  parallel  walls^  and  sonic  nozzle  (Mpe  =■  equivalent 
dVfach  number  in  plenum  chamber),^ 


309 


TRANSONIC  WIND  TUNNEL  TESTING 


disturbances  along  the  sup>ersonic  nozzle  and  the  perforated  test-section 
walls,  there  should  be  no  flow  disturbances  at  all.  However,  the  transition 
from  the  solid  walls  of  the  supersonic  nozzle  to  the  partially  open  walls  of 
the  test  section  establishes  dififerent  conditions  for  the  lx)undary  layer 
development.  In  numerous  tests  it  was  found  necessary  to  cushion  this 
transition  by  providing  tapered  perforations  such  as  were  used  to  establish 
supersonic  flow  without  a  preceding  supersonic  nozzle. 

Some  typical  Mach  number  distributions  determined  in  the  ARA  9  x  8  ft 
transonic  wind  tunnel  are  presented  in  Fig.  12.28  for  the  p>orosity  configur¬ 
ation  developed  for  subsonic  and  low  supersonic  Mach  numbers  (Fig. 
12.25b).  The  distribution  was  generally  uniform,  but  some  distinct  disturb¬ 
ances  did  exist  which  were  traced  back  by  the  staff  of  the  ARA  wind  tunnel 
to  irregularities  in  the  internal  contours  of  the  tunnel.  These  contour 
irregularities  occurred  at  the  junction  between  the  flexible  nozzle  and  the 
perforated  side  walls  and  at  some  stations  in  the  flexible  nozzle  itself.  It 
appears,  therefore,  that  the  problem  of  establishing  smooth  supersonic 
Mach  numl^er  distributions  in  j>erforated  test  sections  having  supersonic 
nozzles  consists  mainly  in  controlling  the  irregularities  in  the  internal 
contours  of  the  wind  tunnel  itself. 

The  same  conclusion  as  to  the  significance  of  internal  contour  smoothness 
in  the  establishment  of  uniform  supersonic  flow  in  perforated  test  sections 
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Fig.  12.28.  Alack  number  distribution  in  ARA  transonic  9x8 ft  wind  tunnel  with 
modified  porosity  distribution,  parallel  walls,  and  supersonic  nozzle  {Aipe  »  equivalent 
Alack  number  distribution  in  plenum  chamber).^ 
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was  also  drawn  from  the  caIil)ration  tests  of  the  AHDC  16  ft  transonic  wind 
tunnel.®  For  this  test  series,  the  tunnel  was  equipped  with  perforated  walls 
having  inclined  holes  with  a  geometric  open-area  ratio  of  approximately 
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Flo.  12.29.  Sket€h  of  test  section  of  AEDC  16  ft  transonic  wind  tunnel.* 
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Flo.  12.30.  Mach  number  distribution  in  AEDC  16 ft  transonic  wind  tunnel  with 
supersonic  nozzle  {parallel  perforated  walls ^  60^  inclined  holes),* 
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6  per  cent.  Each  wall  had  a  tapered  porosity  section  0.62  x  the  tunnel 
height;  each  wall  was  cquipp)ed  with  eight  tapered  solid  sections  (Fig.  12.29). 
Typical  Mach  number  distributions  to  Mach  1.6  are  shown  in  Fig.  12.30. 
Some  of  the  most  pronounced  Mach  number  disturbances  can  be  traced 
back  to  irregularities  of  internal  shape,  for  instance,  to  the  juncture  between 
the  removable  test  section  and  the  fixed  flow  stabilization  section.  The  test 
results  indicated  were  obtained  for  a  parallel  wall  setting  and  a  medium 
amount  of  suction.  Extensive  full-scale  tests  showed  that,  for  each  given 
wall  setting,  any  suitable  combination  of  pressure  rise  of  the  wind  tunnel 
compressor  and  mass  flow  removal  yielded  an  identical  Mach  number 
distribution  in  the  test  section.  A  change  of  wall  setting  to  converged 
had  some  noticeable  but  minor  effects  on  the  distribution.® 

These  tests  in  the  AEDC  transonic  wind  tunnel  also  indicated  that 
supersonic  flow  of  acceptable  uniformity  can  be  readily  established  in  per¬ 
forated  test  sections  when  a  supersonic  nozzle  is  provided  upstream  of  the 
working  section. 

5.  SUPERSONIC  FLOW  ESTABLISHMENT  IN  SLOTTED 
TEST  SECTIONS 

It  is  possible  in  slotted  test  sections,  as  in  perforated  test  sections,  to  establish 
supersonic  flow  with  either  a  sonic  nozzle  and  subsequent  flow  removal 
through  the  slots  or  with  a  conventional  supersonic  nozzle  which  precedes 
the  slotted  test  section.  In  the  latter  case,  the  problem  of  uniform  flow 
depends  upon  the  quality  of  the  supersonic  nozzle,  upon  the  uniformity  of 
the  internal  wall  contours,  and  upon  the  smoothness  of  ♦he  transition  from 
the  solid  to  the  slotted  test-section  wall  regions.  In  this  respect,  the  problem 
of  establishing  uniform  flow  in  slotted  test  sections  with  suj>ersonic  nozzles 
does  not  differ  very  much  from  the  problem  in  perforated  test  sections. 
Consequently,  the  following  discussion  of  supersonic  flow  establishment  in 
slotted  test  sections  will  be  restricted  to  a  discussion  of  slotted  test  sections 
having  sonic  nozzles. 

a.  Slots  with  straight  taper 

During  a  preliminary  test  series  conducted  in  the  transonic  model  tunnel 
of  the  AEDC,  the  test  section  shown  in  Fig.  12.24  was  converted  from  a 
perforated  to  a  slotted  tunnel.  The  square  cross  section  was  equipped  with 
a  total  of  sixteen  tapered  slots,  four  slots  on  each  wall,  for  a  total  open-area 
ratio  of  1 1  per  cent  (see  Ref.  6).  Initial  tests  with  this  configuration  indicated 
that  simple  straight  tapering  of  the  slot  width  in  the  upstream  portion  of  the 
test  section  did  not  eliminate  over-expansion  and  irregular  Mach  number 
distribution  in  the  test  section. 

In  the  case  of  perforated  test  sections  having  straight  tapering  extending 
over  an  axial  distance  approximately  80  per  cent  of  the  test-section  height, 
uniform  distribution  in  the  low  supersonic  Mach  number  range  was  estab¬ 
lished  (see  Fig.  12.23b).  The  slotted  test  section  in  the  present  test  series 
was  equipped  with  slots  having  a  straight  taper  extending  over  an  axial 
distance  corresponding  to  1.0  x  the  test-section  height.  The  results  shown 
in  Fig.  12.31a  indicate  large  irregularities  which  made  the  test-section 
configuration  completely  unsuitable  for  testing.  Even  when  the  straight 
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slot  tapering  was  extended  over  a  lengtii  2  x  the  test-section  height,  that  is, 
to  a  length  which  comprised  the  main  portion  of  the  w  ind  tunnel  test  section, 
the  distribution  was  still  irregular  and  barely  usable  for  wdnd  tunnel  testing 
below  Mach  number  1.2  (sec  Fig.  12.31b). 

'Fhe  reason  for  the  drastic  difterence  between  the  behavior  of  perforated 
and  slotted  test  sections  in  regard  to  the  establishment  of  regular  supersonic 


b.  Slots  with  xlH  *  2.0  straight  ta()er. 

Fi(i.  12.31.  Supersonic  .Mach  number  distribution  in  slotted  test  section  with  II  per 
cent  of}en-area  ratio  and  sonic  nozzle.'’^ 

flow  by  a  simple  tapering  of  the  open  wall  area  can  be  attributed  to  the 
fundamentally  dilferent  cross-flow  characteristics  of  perforated  and  slotted 
walls.  As  shown  in  Chapter  11,  a  perforated  wall  has  a  roughly  linear 
relationship,  that  is,  the  cross  flow'  through  the  wall  is  roughly  proportional 
to  the  pressure  diflerence  between  the  test  section  and  the  surrounding 
plenum  chamber.  A  slotted  wall,  however,  exhibits  what  is  basically  a 
quadratic  relationship,  that  is,  the  pressure  drop  through  the  wall  is  approx¬ 
imately  proportional  to  the  square  of  the  cross-flow  velocity.  As  a  result, 
very  small  differences  between  the  pressures  inside  and  outside  the  slotted 
test  section  produce  sizable  local  outflows;  hence  the  control  of  the  local 
outflow  is  much  more  difficult  in  a  slotted  than  in  a  perforated  test  section. 

Also  in  subsonic  flow  in  a  slotted  test  section  the  relationship  bctw'een 
cross  flow'  and  pressure  difference  is  basically  quadratic  since,  as  is  shown 
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in  Chapter  I  1  in  more  detail,  a  slotted  test  section  with  constant  slot  width 
behaves  identically  in  snp)crsonic  and  subsonic  flow.  When  the  slots  arc 
tapered,  the  basically  subsonic  quadratic  relationship  is  still  maintained  as 
long  as  the  change  of  slot  width  in  the  flow  direction  is  sutficiently  small 
and  the  local  predominant  flow  parameter  is  the  local  open-area  ratio. 

In  view  of  the  considerably  greater  sensitivity  of  the  flow'  in  a  slotted  test 
section  to  the  local  slot  width,  extensive  programs  have  become  necessary 
to  develop  a  slot  width  distribution  which  yields  uniform  supersonic  flow'. 

b,  yon-linear  slot  iridth  distribution 

Various  attempts  have  been  made  to  arriv'c  theoretically'  at  a  slot  w'idth 
distribution  which  will  establish  the  desired  uniform  supersonic  flow.  If  the 
basic  cross-flow  characteristic  of  a  slotted  wall  in  non-viscous  flow  is  assumed 
and  three-dimensional  eflccts  caused  by  the  finite  number  of  slots  are 
neglected,  it  is  possible  to  shape  the  slot  w'idths  in  such  a  manner  that  the 
desired  outflow  distribution  is  established  within  wide  limits.  With  this 
method,  an  outflow'  velocity  distribution  such  as  is  shown  schematically  in 
Fig.  12.22  results  in  a  slot  width  distribution  which  is  very  narrow  at  the 
upstream  end,  reaches  a  maximum  slightly  downstream  of  the  maximum 
outflow  velocity,  and  thereafter  becomes  narrow  again.  Some  test  series 
have  been  conducted  with  slots  shaped  according  to  this  method,  and  it  is 
reported  that  encouraging  results  have  been  obtained.  However,  no  experi¬ 
mental  results  for  such  theoretically-determined  slot  shapes  appear  to  have 
been  published. 

In  most  cases  the  proper  slot  width  distribution  has  been  determined  on 
the  basis  of  systematic  wind  tunnel  tests  using  progressively  improved  slot 
shapes.  The  slot  width  development  program  for  the  X.\CA  16  ft  transonic 
w  ind  tunnel  at  Langley  Field  may  be  cited  as  a  typical  example  of  such  a 
development  scries.  The  octagonal  test  section  of  this  wdnd  tunnel  had  eight 
slots  w'ith  a  maximum  open-area  ratio  of  12.5  per  cent  and  a  wall  divergence 
of  5'  or  10'  (Ref.  4).  Initially,  a  straight  tapered  slot  sha]>e  (1)  was  utilized 
(Fig.  12.32a).  The  Mach  number  distribution  at  the  low  supersonic  Mach 
number  of  approximately  1.05  was  quite  uniform  in  the  working  section 
area,  but  a  pronounced  over-expansion  of  the  flow  and  subsequent  wave 
disturbances  in  the  downstream  region  occurred  at  a  mean  Mach  number 
of  approximately  1.10  (Fig.  12.32a). 

In  order  to  eliminate  these  strong  over-expansions  of  flow  in  the  upstream 
jK>rtion  of  the  test  section,  the  slot  width  was  progressively  reduced  in  the 
upstream  portion  until  an  extremely  narrow  initial  slot  shape  (16)  finally 
emerged.  With  this  modified  slot  width,  the  Mach  number  distribution  at 
an  average  Mach  number  of  approximately  I.IO  was  considerably  more 
uniform  than  with  slot  shape  I  (Fig.  12.32b),  but  a  noticeable  over-expansion 
at  the  upstream  portion  of  the  test  section  remained.  /Mso,  since  the  flow 
with  slot  shape  16  expanded  much  more  slowly,  the  improvement  in  Mach 
number  distribution  was  achieved  at  the  expense  of  a  very  undesirable 
shortening  of  the  potential  working  section. 

In  order  to  compensate  for  the  observed  reduction  in  test-section  length 
another  slot  configuration  (18)  was  developed  which  employed  slots  begin¬ 
ning  several  feet  further  upstream  than  the  slots  of  configurations  1  and  16. 
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The  results  (Fig.  12.32c)  gave  the  expected  effect.  The  test-section  Mach 
number  for  a  wall  divergence  of  5'  was  very  uniform,  an  average  value  of 
A/  =  1.08.  Also  the  usable  test-section  length  was  greatly  increased,  as 
intended,  over  that  available  with  slot  shape  16. 

'Fhen  in  order  to  obtain  higher  Mach  numbers  without  auxiliary  suction, 
which  was  not  available  at  the  time  of  the  calibration  of  this  tunnel,  the  walls 


Fifi.  12.32.  Influence  of  slot  shafje  on  supersonic  Mach  number  distributions  in  Langley 
16  Jl  transonic  wind  tunnels 


315 


TRANSONIC  WIND  TUNNEL  TESTING 


of  the  test  section  were  diverged  from  4'  to  20'.  Though  the  expected 
increase  of  the  mean  Mach  number  was  accomplished,  the  flow  distribution 
deteriorated  very  quickly  with  increasing  divergence  (see  Fig.  12.33). 

Another  example  of  the  Mach  number  distribution  in  a  slotted  wind 
tunnel  which  does  not  have  a  supersonic  nozzle  preceding  the  slotted  working 
section  is  shown  in  Fig.  12.34  for  the  NACA  8  ft  transonic  wind  tunnel  at 
Langley  Field. The  slot  shap>e,  selected  in  this  case  also  after  an  extensive 
slot  development  program,  finally  resulted  in  the  Mach  number  distribution 
shown  in  Fig.  12.34.  In  the  working  section,  which  is  relatively  short  (a 
length  approximately  40  per  cent  of  the  test-section  diameter),  the  Mach 
number  distribution  is  satisfactorily  uniform,  even  at  the  maximum  Mach 
numl)er  of  1.13 
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Fig.  12.33.  Influence  of  wall  divergence  on  supersonic  Afach  number  distributions  in 
Langley  16  ft  transonic  wind  tunnel  {slot  shafte  18  of  Fig.  12.32).^ 


It  may  be  concluded  that  a  delicate  and  extensive  experimental  program 
is  generally  required  to  determine  a  slot  configuration  which  will  satisfy 
the  various  conflicting  requirements  for  flow  establishment  in  the  supersonic 
speed  range.  This  somewhat  complex  procedure  is  in  contrast  to  the  very 
easy  development  of  suitable  open-area  distributions  for  perforated  test 
sections  described  previously. 

c.  Slotted  test  sections  with  perforated  cover  plates 

As  discussed  previously  in  detail,  the  difficulties  associated  with  the  great 
sensitivity  of  the  slot  width  distribution  in  slotted  test  sections  are  apparently 
caused  by  the  quadratic  relationship  between  pressure  drop  and  local 
outflow'  from  slotted  test  sections.  In  a  development  program  conducted  in 
the  Wright  Field  10  ft  wind  tunnel  these  inherent  difficulties  were  success¬ 
fully  overcome  by  incorp)orating  the  basic  features  of  a  perforated  lest 
section  in  the  slotted  test-section  design.  In  this  wind  tunnel  the  slots  were 
covered  with  perforated  plates  which  could  be  readily  changed  to  establish 
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any  desired  distrilnilion  of  the  effective  open-area  ratio.*'  The  sensitive 
quadratic  characteristic  of  slotted  walls  was  thus  replaced  by  a  more  linear 
relationship  which  is  characteristic  of  perforated  plates.  In  these  Wright 
Field  tests,  lK)th  in  the  model  and  in  the  full-scale  10  ft  wind  tunnel,  it  was 
very  easy  to  establish  a  uniform  flow  which  had  no  tendency  to  initial 
over-expansion  or  to  waviness  of  the  Mach  number  distribution  in  the  test 
section.  The  10  ft  wind  tunnel  with  perforated  cover  plates  over  its  slots  is 
also  noted  for  its  extremely  stable  operating  characteristics.  The  frequently 
observed  tendency  of  slotted  wind  tunnels  toward  Mach  number  instability 
(timewise  fluctuations)  was  completely  eliminated. 
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Fio.  1 2.34.  Supersonic  Mach  number  distribution  in  Langley  8  ft  transonic  wind  tunnel. 

'Fhe  Wright  Field  10  ft  wind  tunnel  had  neither  a  sup>ersonic  nozzle 
preceding  the  test  section  nor  sufficient  auxiliary  suction  to  establish  high 
enough  supersonic  Mach  numbers.  Therefore  the  test  section  was  equipped 
with  movable  side  walls  with  which  the  divergence  of  the  test  section  could 
be  effectively  changed.  Typical  Mach  number  distributions  obtained  in 
this  tunnel  for  proper  combinations  of  wall  setting  and  auxiliary  suction 
are  shown  in  Fig.  12.35.  It  is  apparent  that  in  spite  of  the  extremely  limited 
means  available  for  establishment  of  supersonic  flow,  the  Mach  number 
distributions  at  the  centerline  are  satisfactorily  uniform  for  normal  wind 
tunnel  testing  up  to  the  peak  Mach  number  of  1.23. 
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It  was  pointed  out  in  Chapter  9  that  neither  pure  slotted  nor  pure  per¬ 
forated  test  sections  are  able  to  eliminate  shock  reflections  from  three- 
dimensional  model  configurations.  It  was  shown  that  combined  slotted - 
perforated  test  sections  can  be  designed  which  much  more  closely  approach 
the  required  reflection-free  characteristics.  In  view  of  this  previous  finding 
and  the  experimentally-determined  sufjcriority  of  the  supersonic  flow 
established  in  the  combined  slotted-perforated  test  sections  cited  above,  the 
combined  per  fora  ted-slotted  test  section  offers  a  potential  which  should  be 
further  explored. 


1.4 
oc  b3 

LJ 

CD 

2 

21.2 


<  l.l 


1.0 


1  1 
r- 
1 

NO 

.  TESTIK 

NMAL 

16  RANO 

1 

E  - 

I 

-i 

1 

A.  O 

^  ^  Q 

1 

1 

0  o|  o 

0  o  o 

o  o  0 

o  o 

1 

1 

o  o 

0  ®  o 

o  O 

o  o 

1  Q  fl 

1 

0  o|  ® 

9  O 

®  0  0 

?  ®  S 

O  0  o 

o  o  ® 

0  o 

O  0 

>  lo  0 

a[o  0 

o 

[>  0  o 

9  0  O 

9  oj  O 

O  O  0 

o  o  o 

o  o 

0  1  o 

1 

o 

9  0  0 

0  0  0 

1 

0  o|  o 

_ L_ 

0  o  o 

O  o  o 

0 

0  0 

1 

o|o  0 

-L_ 

^'8.9  1.1  1.3  1.5 

X/D 

b.  Alach  number  distribution. 


1.7 


Fig.  12.35.  Wright  Field  10ft  transonic  wind  tunnel  with  slotted  test  section  and 

perforated  cover  plates P 
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6.  REQUIREMENTS  FOR  MASS  FLOW  REMOVAL  FROM 
PARTIALLY  OPEN  TEST  SECTIONS 

a.  Boundary  layer  compensation  in  closed  test  sections 

In  closed  test  sections  with  parallel  wails,  the  effective  cross-sectional  area 
of  the  test  section  gradually  decreases  in  the  flow  direction  l>ecausc  of  the 
continuous  boundary  layer  growth  along  the  test-section  walls.  Therefore, 
such  a  test  section  will  choke,  that  is,  sonic  velocities  will  l>c  established  at 
the  downstream  end  of  the  lest  section,  while  the  Mach  number  in  the  up¬ 
stream  and  center  portion  of  the  test  section  is  still  considerably  below  Mach 
number  one.  In  order  to  obtain  a  Mach  number  close  to  one  in  an  empty 
closed-wall  test  section,  it  is  necessary  to  diverge  the  walls.  A  typical  value 
for  a  circular  test  section  is  a  divergence  angle  of  approximately  5-7', 
depending  upon  the  smoothness  of  the  walls  and  the  Reynolds  number  and 
Mach  numl:)er  of  the  flow. 

b.  Influence  of  specifle  wall  parameters  in  subsonic  speed  ran^e 

A  similar  phenomenon  also  occurs  in  partially  open  test  sections.  When 
no  plenum  chaml>er  suction  is  applied  by  auxiliary  compressors  or  diffuser 
flaps,  the  lx>undary  layer  inside  the  test  section  thickens  along  the  perforated 
walls  and  is  partially  discharged  into  the  plenum  chamber,  and  from  there 
into  the  downstream  region  of  the  test  section.  It  follows  from  continuity 
conditions  that  the  total  discharge  of  boundary  layer  into  the  plenum  cham¬ 
ber  for  a  parallel  wall  test  section  with  uniform  Mach  number  distribution 
is; 


Am  =  (pv)ooS*Cr 


where  S’*'  =  boundary  layer  displacement  thickness  at  the  station  considered 
Cr  =  circumference  of  test  section. 


Fig.  12.36a.  Parallel  walls  {hole  diameter  and  wall  thickness  »=  iV  in.). 
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IG.  12.36b.  Top  and  bottom  walls  converged  30*  [hole  diameter  and  wall  thickness  =  iV 


Fig.  12.36c.  Top  and  bottom  walls  diverged  30*  (hole  diameter  and  wall 
thickness  in.). 


Fig.  12.36d.  Parallel  walls:  influence  of  hole  size  [wall  thickness  in., 
open-area  ratio  22.5 per  cent). 

Fig.  12.36.  Minimum  plenum  chamber  suction  requirements  for  perforated  test  sections 

[length  ^  3.1  -H).^ 


FLOW  ESTABLISHMENT  IN  TRANSONIC  WIND  TITNNELS 

As  discussed  in  detail  in  Section  2b  of  this  chapter,  choking  at  the  down¬ 
stream  test  section  restricts  the  Mach  number  in  the  main  portion  of  the 
test  section  to  subsonic  values.  Tliis  choking  phenomenon  can  l>c  consid¬ 
erably  more  severe  with  a  partially  open  than  with  a  closed  wall  test  section 
because  of  the  multiple  disturbances  produced  along  the  wall  by  the  indi¬ 
vidual  openings.  In  the  case  of  a  test  section  having  a  parallel  perforated 
wall  with  22  per  cent  open-area  ratio  and  no  auxiliary  suction  (test-section 
length  =  3  X  height),  choking  was  observed  at  Mach  numbers  as  low  as 
0.77  (Ref.  12  and  Fig.  12.36a).  In  order  to  alleviate  this  condition  it  was 
necessary  to  use  approximately  Aw  m  =  3.6  per  cent  mass  flow  removal. 


1*1(2.  12.37.  Minimum  plemm  chamber  suction  requirements  for  perforated  test  section 
with  f mallei  walls  and  sonic  nozzle  {walls  22.5  percent  open,  holes  in.  diameter,, 
{test’section  length  ^  3.1  x  test-section  height). 


When  more  auxiliary  suction  is  employed  than  is  required  to  alleviate 
choking,  the  Mach  number  is  increased  beyond  Mach  number  one  in  the 
test  sccti(jn  proper,  as  pointed  out  previously.  I’or  instance,  in  order  to 
establish  a  Mach  number  of  1.2  in  the  test  section,  the  auxiliary  suction  must 
be  increased  from  Aw  w  =  3.6  per  cent,  required  for  Mach  numl>er  one, 
to  5.1  per  cent— an  increase  of  1.5  per  cent.  This  value  compares  with  an 
increase  of  approximately  3  per  cent  mass  flow  removal  which  would  be 
required  in  isentropic  flow.  The  difference  is  undoubtedly  due  to  the  fact 
that  auxiliary  suction  mainly  removes  air  from  the  boundary  layer  which, 
for  the  same  displacement  thickness,  has  a  considerably  smaller  mass  flow 
density  than  isentropic  flow. 

The  curves  for  walls  with  22.5  per  cent  open-area  ratio  were  obtained 
for  a  test  section  which  was  equipped  with  tapered  porosity,  as  shown  in 
Fig.  12.24.  When  no  taper  strips  were  applied  and  Mach  number  distribu¬ 
tions  as  irregular  as  those  shown  in  Fig.  12.23a  were  established,  the  mass 
removal  requirements  were  much  greater  (Fig.  12.37).  This  difference  can 
be  readily  attributed  to  the  local  alternating  inflow  and  outflow  of  the  test 
section  which  depends  on  the  varying  pressure  difference  between  plenum 
chamber  and  test  section.  The  alternating  flows  naturally  cause  much 
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greater  losses,  which,  in  turn,  must  be  compensated  for  by  increased  mass 
flow  removal  from  the  plenum  chamber,  to  obtain  the  area  expansion 
required  to  establish  the  desired  Mach  number. 

Influence  of  Open-Area  Ratio, — \^arious  perforated  walls  with  different 
op)€n-area  ratios  were  investigated  in  the  AKDC  transonic  model  tunneP^’^ 
to  explore  the  influence  of  open-area  ratio  on  the  choking  phenomenon  and 
the  mass  flow  removal  requirement  for  such  walls.  The  results  (Fig.  12.36a) 
indicate  that  with  walls  of  5.2  per  cent  open-area  ratio  the  choking  Mach 
number  is  approximately  0.89  in  a  test  section  without  suction  and  with 
parallel  walls.  To  establish  a  Mach  number  of  one,  a  mass  flow'  removal  of 
1.4  per  cent  was  required.  With  increasing  open-area  ratio  the  losses  in  the 
flow  along  the  wall  were  naturally  increased.  For  example,  a  mass  flow* 
removal  of  6.9  per  cent  was  necessary  to  establish  sonic  flow  with  walls 
having  33  per  cent  open-area  ratio.  Such  values  approach  the  limits  of 
practical  wind  tunnel  design  and  make  the  application  of  such  large  open- 
area  ratios  very  difficult.^ 

Influence  of  Convergence  and  Divergence  of  Test-Section  Walls, — When  the 
walls  of  a  test  section  are  converged,  as  is  desirable  in  order  to  keep  the 
boundary  layer  thin  in  the  test  section  proper,  the  mass  flow  removal 
requirement  is  increased  (see  Fig.  12.36b).  With  30'  convergence,  all 
walls  with  an  open-area  ratio  between  5.2  and  22.5  per  cent  require  approx¬ 
imately  the  same  mass  flow  removal  to  establish  Mach  number  one,  that  is, 
approximately  5.8  per  cent.  Only  the  33  p)er  cent  open  walls  require  the 
much  larger  removal  value  of  8.3  per  cent.  On  the  other  hand,  if  the  test 
section  is  diverged  30',  choking  is  alleviated  because  of  the  larger  area 
available  at  the  downstream  end  of  the  test  section,  and  thus  the  mass  flow 
requirements  are  also  considerably  reduced  (see  Fig.  12.36c). 

In  the  experiments  just  cited  for  converged  and  diverged  walls,  only  the 
upper  and  lower  walls  were  converged  or  diverged;  the  two  side  w'alls  were 
maintained  at  a  parallel  setting.  In  spite  of  this  non-uniform  setting  of  the 
w'alls,  the  boundary  layer  thickness  was  found  to  be  equal  along  all  four 
walls.  This  result  was  expected  because  the  main  parameters  governing 
lx)undary  layer  growth  (wall  roughness  and  local  pressure  difference 
between  the  inside  of  the  test  section  and  the  plenum  chamber)  are  identical 
for  all  four  walls,  in  spite  of  their  different  settings. 

Influence  of  Hole  Siz^» — The  results  previously  cited  for  the  mass  flow  re¬ 
quirements  of  perforated  walls  were  obtained  in  the  AKDC  transonic  model 
tunnel  using  i*®  in.  thick  walls  equipped  with  holes  of  ,V  in.  diam.  As 
discussed  in  Chapter  1 1 ,  the  hole  size  and  the  wall  thickness  have  a  large 
influence  on  the  effectiveness  of  a  perforated  wall  and,  consequently,  a 
significant  influence  on  boundary  layer  development  and  auxiliary  mass 
flow'  requirements.  This  influence  was  documented  during  an  investigation 
of  a  wall  with  a  22.5  per  cent  open-area  ratio,  holes  enlarged  to  a  diameter 
of  J  in.,  and  the  same  wall  thickness  of  iV  in.  (see  Refs.  12  and  2).  No  taper 
strips  were  required  to  eliminate  over-expansion  because  of  the  larger  cross- 

*  The  change  in  the  mass  flow  requirements  due  to  installation  of  models  is 
discussed  later  in  (Chapter  14. 
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flow  resistance  of  the  walls  with  the  larger  holes.  As  expected,  the  mass 
flow  requirements  were  considerably  reduced  (Fig.  12.36d). 

All  values  cited  previously  for  auxiliary  suction  were  obtained  using  model 
test  sections  equipped  with  a  sonic  nozzle;  in  other  words,  supersonic  flow 
was  established  by  removal  of  air  through  the  wall  perforations.  These 
values  represent  the  minimum  values  of  suction  with  which  it  is  possible  to 
establish  the  desired  Mach  number  in  the  main  portion  of  the  test  section. 
Since  with  minimum  suction,  the  main  wind  tunnel  compressor  has  large 
power  re(juirements,  it  is  usually  more  advisable  to  increase  auxiliary 
suction  beyond  the  values  cited  (see  Chapter  14). 

f.  Test  sections  with  supersonic  nozzles  in  supersonic  speed  ran^e 

When  the  perforated  test  section  is  preceded  by  a  supersonic  nozzle  which 
is  used  in  establishing  supersonic  flow,  mass  flow  removal  requirements  are 
considerably  reduced  because  only  the  boundary  layer  growth  along  the 
perforated  walls  must  be  removed  by  suction;  mass  flow  removal  to  establish 
flow  is  no  longer  necessary.  'Fhe  minimum  flow  removal  values  for  a  per¬ 
forated  wall  with  1 1 .8  per  cent  open-area  ratio  (no  supersonic  nozzle)  are 
shown  in  Fig.  12.38  from  tests  in  the  AfLDC  transonic  model  tunnel. it 
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Fio.  12.38.  Minimum  plenum  chamber  suction  requirements  for  perforated  test  section 
with  !  1,8  per  cent  open-area  ratio  and  fterf orated  walls  with  sonic  and  supersonic  nozzles 
{test-section  length  3.1 

is  apparent  that  for  this  particular  test-section  configuration,  the  mass  flow 
removal  requirements  differed  only  slightly  over  the  test  Mach  number 
range,  1.7  per  cent  at  Mach  number  1.45  compared  with  1.1  per  cent  at 
Mach  number  1.0. 
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The  values  above  were  obtained  in  a  relatively  small  transonic  model 
tunnel  of  1  ft  test-section  height.  The  trend  of  the  mass  flow  removal  require¬ 
ments  is  parallel  to  tlie  trend  of  the  removal  requirements  determined  for 
the  full-scale  British  ARA  9  x  8  ft  transonic  wind  tunnel  and  presented  in 
Fig.  12.39  (see  Ref.  8).  The  British  values  were  obtained  by  setting  the 
test-section  Mach  number  approximately  equal  to  the  suf)crsonic  nozzle 
exit  Mach  number.  This  type  of  operation  yields  roughly  minimum  flow 
removal  requirements.  At  Mach  number  one,  it  was  necessary  to  remove 


Fig.  12.39.  Plenum  chamber  suction  requirements  for  perforated  test  section  with  22,5 
per  cent  open-area  ratio  and  parallel  walls  {nozzle  set  at  test-section  Mach  number),* 


approximately  1.1  per  cent  of  the  total  test-section  mass  flow;  at  Mach 
number  1.4  a  mass  flow  removal  of  approximately  1.9  per  cent  was  required. 
However,  it  should  be  remembered  that  the  perforated  walls  in  the  British 
tunnel  had  a  total  surface  area  of  approximately  5  x  the  cross-sectional  area  of 
the  wind  tunnel ;  the  perforated  wall  area  of  the  transonic  model  tunnel  (Figs. 
12.36a  and  12.38)  was  approximately  10  x  cross-sectional  area  of  the  tunnel. 


d.  Slotted  test  sections  compared  with  perforated  test  sections 

*rhe  principal  reasons  for  mass  flow  removal  from  the  plenum  chamber 
of  a  slotted  wind  tunnel  are  the  same  as  those  previously  detailed  for  removal 
from  pierforated  test  sections.  In  the  case  of  parallel  walls,  a  sonic  nozzle, 
and  no  suction,  choking  would  occur  at  the  downstream  end  of  the  test 
section  due  to  the  boundary  layer  growth  along  the  solid  walls,  elements, 
and  open  slots.  Also,  in  order  to  build  up  supersonic  flow  without  using  a 
conventional  supersonic  nozzle,  a  certain  amount  of  air  must  be  removed 
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from  the  test  section  by  plenum  chamber  suction.  For  example,  in  the 
AEDC  transonic  model  tunnel  a  test  section  configuration  with  sixteen 
slots  and  approximately  1 1  per  cent  open-area  ratio®  was  investigated,  as 
noted  in  connection  with  Fig.  12.31.  The  minimum  mass  flow  removal 
requirements  for  this  slotted  lest  section  are  shown  in  Fig.  12.40.  Throughout 


Fio.  12.40.  Minimum  mass  flow  removal  requirements  for  slotted  and  perforated  test 
sections  with  parallel  walls, 

the  entire  Mach  number  range  from  subsonic  choking,  through  Mach  num¬ 
ber  one,  to  the  maximum  Mach  number  of  1.2,  the  plenum  chamber  suction 
requirements  are  noticeably  larger  than  those  for  a  perforated  test  section 
with  the  same  amount  of  open-area  ratio.  This  result  was  something  of  a 
surprise  since  it  had  l)ccn  expected  that  part  of  the  kinetic  energy  of  the 
flow  entering  the  plenum  chamber,  particularly  in  the  supersonic  Mach 
number  range,  would  retain  a  portion  of  its  momentum  until  it  re-entered 
the  test  section  at  the  downstream  end.  As  the  suction  requirements  show, 
this  was  obviously  not  accomplished.  Detailed  momentum  surveys  of  the 
flow  in  the  slot  area  indicated  that  the  flow  very  quickly  lost  its  momentum 
so  that  no  advantage  over  perforated  test  sections  w’as  established  (sec 
Fig.  11.25b). 

7.  CALIBRATIOX  OF  PARTIALLY  OPEN  TEST  SECTIONS 
a.  General  relationships 

Opieralional  procedures  must  be  set  up  for  partially  open  test  sections  of 
either  the  perforated  or  the  slotted  wall  type  to  determine  the  proper  com¬ 
binations  of  pressure  boost  from  the  main  drive  system,  auxiliary  suction, 
and  setting  of  the  wind  tunnel  no//.lc.  In  the  numerous  test  series  conducted 
with  partially  open  test  sections,  it  was  determined  that  in  the  region  of 
usable  test-section  flow,  the  pressure  in  the  plenum  chamber  is  very  nearly 
equal  to  the  mean  pressure  in  the  test  section.  Consequently,  it  has  become 
customary  to  base  the  calibration  of  a  partially  open  wind  tunnel  on  the 
static  pressure  in  the  plenum  chamber  and  to  apply  suitable  corrections  to 
this  pressure  in  order  to  determine  the  correct  test-section  pressure.  The 
small  magnitude  of  the  difTcrcnce  between  the  two  pressures  is  readily 
apparent  from  the  tvpical  Mach  number  distributions  presented  previously 
in  Figs.  12.3-12.5. 
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b.  Subsonic  speed  range 

In  the  subsonic  speed  range  the  difference  between  plenum  chamber  and 
test-section  pressure  is  practically  independent  of  mass  flow  removal  and 
pressure  boost  of  the  main  wind  tunnel  drive.  When  the  Mach  number  is 
kept  constant  in  a  given  wind  tunnel,  the  difference  is  merely  a  function  of 
the  setting  (parallel,  converged  or  diverged)  of  the  walls.  I'he  small  devi¬ 
ations  between  test-section  and  plenum  chamber  pressures  can  be  determined 
from  calibrations  of  the  empty  test  section.  This  was  done  for  a  typical  test 
section  of  the  full-scale  transonic  wind  tunnel  of  the  AF.DC.®  The  pressure 
differences  determined  for  this  tunnel  arc  shown  in  Fig.  12.41  converted 


Fk;.  12.41.  Empty  tunnel  calibration  for  AEDC  16  ft  wind  tunnel  with  inclined-hole- 
perforated  walls  (M  **  test-section  Mach  number^  Afpc  =  equivalent  plenum  chamber 

Mach  number).^ 

into  equivalent  Mach  number  differences.  In  this  test  section  with  perforated 
w’alls  having  inclined  holes  of  60°  inclination  angle  and  6  per  cent  nominal 
open-area  ratio,  the  maximum  Nlach  number  deviation  w'as  on  the  order 
of  Am  =  0.015  at  Mach  numljcr  one. 

When  a  model  is  installed  in  a  test  section,  it  becomes  necessary  to  deter¬ 
mine  the  proper  Mach  number  correction  for  the  blockage  of  the  model. 
If  the  area  ratio  of  a  well-designed,  partially  open  wind  tunnel  is  selected 
properly,  the  Mach  numl^er  or  pressure  gradient  correction  is  very  small  or 
may  even  disappear  completely.  Hence,  in  actual  wind  tunnel  operation, 
when  an  open-area  ratio  is  selected  which  is  nearly  equal  to  the  theoretical 
open-area  ratio  for  zero  correction,  the  empty  wind  tunnel  calibration  may 
also  be  utilized  for  tests  with  a  model  installed. 

If  the  boundary  layer  effects  can  be  neglected,  the  theoretical  open-area 
ratio  for  zero  correction  will  produce  correct  values.  This,  however,  may  not 
be  entirely  true,  particularly  if  the  wall  boundary  layer  is  very  thick;  for 
instance,  in  test  sections  with  divergent  walls.  A  partial  reduction  of  the 
errors  involved  can  be  accomplished  by  selecting  the  open-area  ratio  of  the 
walls  on  the  basis  of  the  correct  cross-flow  resistance  coeflicient,  instead  of 
on  the  basis  of  the  correct  geometrical  open-area  ratio.  However,  no  theor¬ 
etical  or  experimental  investigations  are  known  to  have  been  made  to 
determine  the  magnitude  of  the  lx)undary  layer  effect.  From  the  results  of 
comparative  tests  with  different  models  in  different  w4nd  tunnels,  it  may  be 
assumed  that  the  boundary^  layer  has  only  minor  influence  on  the  accuracy 
of  transonic  wind  tunnel  test  results  (see  Chapter  10). 
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c.  Supersonic  speed  ranine 

In  the  supersonic,  as  in  the  subsonic  speed  ranges,  numerous  combinations 
of  plenum  chaml)er  suction  and  pressure  boost  of  the  main  wind  tunnel 
compressor  produce  the  same  Mach  number  distribution  in  the  test  section 
and  the  same  difference  between  plenum  chamber  and  mean  test-section 
pressure,  as  long  as  the  setting  of  the  wind  tunnel  nozzle  and  the  test-section 
walls  is  not  changed.  In  the  low  supersonic  Mach  number  range,  it  is  fre¬ 
quently  customary  to  use  a  sonic  nozzle  and  to  determine  the  Mach  number 
in  the  test  section  from  the  difference  between  the  static  pressure  in  the 
plenum  chamber  and  the  mean  static  pressure  in  the  test  section.  Such  a 
calibration  depends  only  upon  the  wall  setting,  that  is,  upon  a  parallel, 
convergent,  or  divergent  setting. 

When  a  supersonic  nozzle  precedes  the  test  section,  it  is  customary  to 
select  the  proper  setting  of  the  nozzle  for  the  desired  Mach  number  and  to 
adjust  plenum  chamber  suction  and  main  wind  tunnel  pressure  boost  in 
such  a  manner  that  uniform  flow  is  obtained  in  the  test  section.  Kmpty 
tunnel  calibrations  were  conducted  in  the  AKDC  transonic  wind  tunnel 
with  the  supersonic  nozzle  adjusted  so  as  to  maintain  the  nozzle  exit  Mach 
number  equal  to  the  mean  Mach  numl>er  in  the  test  section.®  At  constant 
Mach  numl)crs  the  resultant  differences  between  plenum  chamber  and  test- 
section  pressure  converted  into  Mach  numbers  were  found  to  depend  solely 
up)on  the  convergence  angle  of  the  walls  (Fig.  12.41). 

When  a  model  is  installed  in  a  partially  open  test  section,  the  supersonic 
flow  approaching  the  model  will  not  be  changed  as  long  as  the  empty  tunnel 
calibration  defined  by  the  wind  tunnel  nozzle  setting  and  the  plenum 
chamber  pressure  is  employed.  Compensation  for  the  displacement  effect 
of  the  mtxlel  is  then  automatically  made  by  the  larger  mass  removal  from 
the  plenum  chamber  required  to  establish  the  correct  plenum  chamber 
pressure.  In  the  region  downstream  of  model-produced  waves  which  might 
be  reflected  from  the  tunnel  walls,  the  above  method  of  setting  the  Mach 
number  remains  correct  as  long  as  a  wall  is  used  which  absorbs  the  imping¬ 
ing  waves  perfectly.  If,  however,  the  wave  reflections  are  not  completely 
cancelled  by  the  wall,  deviations  from  correct  flow  will  occur.  'Fhese  devi¬ 
ations  cannot  be  reduced  by  a  change  in  the  overall  parameters  of  the 
test-section  flow.  It  is  necessary  in  this  case  to  correct  the  boundary  condi¬ 
tions  of  the  walls  locally  to  prevent  the  wave  reflections. 

d.  Perforated  walls  with  conventional  and  inclined  holes 

'Fhe  results  discussed  and  presented  previously  for  the  AF.DC  transonic 
wind  tunnel  were  obtained  with  special  walls,  that  is,  with  walls  having 
inclined  holes.  Such  holes  have  the  tendency  to  establish  a  pressure  difference 
between  the  plenum  chamber  and  the  test-section  sides  of  the  walls,  even 
when  the  flow  is  essentially  parallel  to  the  walls.  Consequently,  the  relatively 
large  tlifferencc  between  plenum  chamber  and  test-section  pressure  for 
parallel  wall  setting  may  be  attributed  to  this  special  type  of  walls. 

In  the  case  of  conventional  perforated  walls,  that  is,  in  the  case  of  walls 
with  straight  holes,  the  differences  in  pressure  l^etween  the  plenum  chamber 
and  the  test  section  are  usually  small  when  the  walls  are  set  divergent  or 
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parallel  to  the  mean  flow  direction  (Fig.  12.42).  The  results  shown  in  this 
figure  were  obtained  using  a  test  section  with  22.5  per  cent  open  conven¬ 
tional  straight  hole  walls  in  the  AEDC  transonic  wind  tunnel. When  the 
wall  setting  was  changed  to  30'  convergent,  corrections  as  great  as 
Am  =  0.027  were  required  at  Mach  number  1.4. 


Fig.  12.42.  Empty  tunnel  calibration  for  AEDC  16  ft  wind  runnel  with  straight  hole 
perforated  walls  (M  «  test-section  Mach  number y  Mpe^  equivalent  Mach  number 

in  plenum  chamber),^* 


e.  Control  of  mass  Jioiv  removal  and  wind  tunnel  compressor  for  tests  with  models 
installed 

It  was  stated  previously  that  the  Mach  number  distribution  in  a  perforated 
or  slotted  test  section  is  practically  equal  for  many  combinations  of  plenum 
chamber  suction  and  main  wind  tunnel  pressure  boost.  However,  this 
statement  is  true  only  for  the  main  region  of  the  test  section. 

Supersonic  Speed  Range. — Flow  non-uniformities  occur  in  the  upstream 
portion  of  test  sections,  particularly  when  supersonic  speeds  are  established 
with  .sonic  nozzles.  They  are  caused  by  the  transition  from  the  solid  wall  to 
the  perforated  wall  portion  and  by  the  supersonic  flow  establishment  itself. 
It  is  therefore  necessary  to  determine  the  range  of  these  non-uniformities 
and  to  select  model  installations  which  do  not  extend  into  this  range. 

Deviations  from  the  uniform  mean  Mach  number  frequently  occur  at 
the  downstream  end  of  the  test  section  also,  and  can  l>e  attributed  directly 
to  incorrect  setting  of  the  plenum  chamber  mass  flow  removal  (sec  Figs. 
12.20,  12.23  and  12.27).  The  oF>erating  principle  is  established  that  enough 
auxiliary  suction  must  be  applied  so  that  no  Mach  number  reduction  occurs 
in  the  downstream  portion  of  the  test  section,  that  is,  so  that  no  oblique  or 
normal  shocks  arc  generated  in  this  portion  of  the  test  section.  This  condi¬ 
tion  can  be  checked  by  pressure  orifices  located  at  the  upstream  end  of  the 
diffuser.  As  long  as  these  orifices  indicate  that  the  local  pressure  is  smaller 
than  the  mean  test-section  pressure,  the  condition  of  uniform  flow  is  satisfied 
almost  as  far  as  the  end  of  the  test  section.  When  it  is  not  possible  to  produce 
the  necessary  pressure  rise  in  the  main  wind  tunnel  compressor  to  draw  the 
terminating  shock  system  far  enough  into  the  diffuser,  it  may  be  necessary 
to  have  the  drop-off  in  Mach  number  occur  in  the  test  section  itself,  with 
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subsequent  increases  in  the  amount  of  auxiliary  suction.  If  such  a  condition 
is  unavoidable,  the  downstream  portion  of  the  test  section  is  not  usable  for 
testing,  and  the  extent  of  this  region  must  be  determined  by  detailed 
measurements. 


Fk;.  12.43,  Base  pressure  of  blunt-base  cylindrical  model  in  I  Jl  f^forated  test  section 
at  different  locatiofis  and  different  combinations  of  tunnel  pressure  ratio  and  auxiliaTy 
plenum  chamber  sue t ion. 
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Subsonic  Speed  Range, — In  the  subsonic  speed  range,  the  rule  for  control 
of  auxiliary^  suction  is  simply  that  neither  too  much  nor  too  little  mass  flow 
removal  be  applied ;  otherwise  Mach  number  reductions  or  Mach  number 
increases  occur  in  the  downstream  portion  of  the  test  section  (see  Figs.  12.7 
and  12.9).  In  empty  test  sections  it  is  easy  to  adjust  plenum  chamber  suction 
to  the  proper  amount  by  observing  pressure  orifices  located  at  the  down¬ 
stream  portion  of  the  test-section  walls.  However,  w'hen  a  model  is  installed, 
this  method  of  determining  correct  auxiliary  suction  may  not  always  be 
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Fici.  12.44.  Base  pressure  of  a  blunt-base  cylindrical  model  in  1  ft  perforated  test 
section  at  different  locations  as  a  function  of  static  pressure  at  end  of  test  section. 
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reliable  since  the  static  pressure  along  the  wall  in  the  downstream  portion 
of  the  test  section  is  not  only  influenced  by  inflow  and  outflow'  conditions 
of  the  test  section  but  also  by  the  disturbances  of  the  model. 

Non-uniform  Mach  numl>er  distribution  in  the  downstream  portion  of  a 
perforated  test  section  is  particularly  noticeable  in  experiments  to  determine 
the  base  pressure  of  models.  In  a  series  of  systematic  experiments  conducted 
at  the  AMDC  transonic  model  tunneP^  cylindrical  models  were  placed  in  a 
perforated  w^ind  tunnel  with  their  blunt  bases  at  different  locations.  The  base 
pressure  was  then  determined  for  the  various  locations  as  a  function  of 
combinations  of  plenum  chamber  suction  and  pressure  boost  of  the  main 
wind  tunnel  compressor.  It  was  apparent  that  the  base  pressure  was  largely 
dependent  upon  the  proper  combination  of  main  compressor  lx>ost  and 
auxiliary  suction  (Fig.  12.43).  In  order  to  obtain  an  indication  of  the  correct 
setting  for  these  bases,  several  orifices  were  placed  in  the  downstream 
portion  of  the  test-section  w  all,  and  the  base  pressures  were  again  determined, 
this  time  as  a  function  of  the  downstream  test-section  static  pressure.  At  all 
subsonic  Mach  numl>crs,  the  pressure  ratio  pd  pe  =  0.975  gave  a  correct 
indication  of  the  proper  combination  of  mass  flow  removal  and  wind  tunnel 
compressor  l)oost  (sec  Fig.  12.44).  Consequently,  in  the  subsonic  range, 
models  can  be  extended  into  the  rear  portion  of  the  test  section  when  this 
operating  principle  is  employed.  In  the  supersonic  range,  however,  this 
principle  breaks  down  (Fig.  12.44b).  It  is  suspected  that  the  base  pressure 
pn  is  also  affected  by  strong  diffuser  shock  waves  which  can  influence  the 
base  pressure  through  the  subsonic  wake.  Inirthcr  experiments  proved  that 
the  base  of  blunt  bodies  should  not  approach  the  downstream  portion  of 
the  test  section  by  more  than  21  x  the  diameter  of  the  blunt  basc.^®  If  this 
rule  is  observ'cd  and  the  end  pressure  pa  in  the  test  section  is  smaller  than 
the  plenum  chamber  pressure  />c,  interference-free  data  can  be  expected. 

In  summary  it  may  be  stated  that  the  local  disturbance  which  develops 
in  the  dow'nstream  portion  of  a  partially  open  test  section  can  l>e  avoided 
quite  effectively  in  the  subsonic  range  by  simply  using  the  static  pressure  in 
the  downstream  test-section  region  as  a  reference.  In  the  supjersonic  Mach 
number  range,  not  only  must  the  static  pressure  in  the  upstream  diffuser 
section  be  observed,  but  special  care  must  also  be  taken  to  avoid  placing  the 
model  base  too  close  to  the  end  of  the  test  section.  As  a  practical  rule,  it 
appears  that  the  base  of  blunt  models  should  not  approach  the  test-section 
end  by  more  than  2^  x  the  diameter  of  the  model  base  in  order  to  avoid 
disturbances  which  might  be  produced  by  strong  shock  or  expansion  waves 
impinging  upon  the  wake. 
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CHAPTER  13 


BOUNDARY  LAYER  GROWTH  ALONG 
PARTIALLY  OPEN  WALLS 

I.  SIMPLIFIED  THEORETICAL  CONSIDERATIONS 
a.  Physical  parameters 

According  to  the  numerous  experiments  discussed  in  the  preceding  section, 
the  boundary  layer  growth  along  partially  open  test  section  walls  is  very 
much  larger  than  the  growth  along  solid  walls.  At  the  op)cn-area  ratios  of 
major  interest  in  wind  tunnel  testing  with  perforated  test  sections,  this  rapid 
lx)undary  layer  growth  produces  conditions  very  detrimental  to  wind  tunnel 
operation.  The  power  required  to  operate  such  wind  tunnels  is  greatly 
increased  by  the  thick  w'all  boundary'  layers.  Besides  the  direct  influence  of 
the  momentum  loss  in  the  boundary  layer  itself,  the  effect  on  the  efficiency 
of  the  wind  tunnel  diffuser  is  of  even  greater  importance.  Also,  because 
thick  boundary  layers  must  be  avoided  if  effective  shock-wave  cancellation 
at  the  perforated  walls  is  to  be  accomplished,  it  is  usually  necessary  to  reduce 
the  boundary  layer  thickness  along  the  walls  by  auxiliary  suction.  In  view  of 
these  significant  ramifications,  the  parameters  governing  the  growth  of  the 
boundary  layer  along  partially  open  walls  have  been  studied  in  detail  by 
several  groups  of  investigators. 

Detailed  consideration  of  boundary  layer  development  along  a  perforated 
wall  reveals  that  thin  elementary  lx)undar>'  layers  are  produced  by  the 
normal  friction  along  the  solid  portions  of  the  wall.  In  addition,  a  free-Jet 
mixing  is  established  along  the  open  portions  of  the  walls  that  is  similar  to 
the  mixing  which  occurs  in  the  boundary  region  of  a  free  jet  exhausting  into 
still  air.  The  friction  coefficient  along  the  solid  portions  of  the  perforated 
wall  is  generally  quite  high  due  to  the  turbulent  lx)undary  layer  produced 
by  the  many  small  disturbances  along  the  edges  of  each  individual  wall 
opening.  Furthermore,  because  a  thin  elementary  boundary  layer  for  each 
solid  wall  element  starts  anew  at  each  opening,  the  local  Reynolds  number 
of  these  sub-boundary  layers  are  small,  and,  thus,  according  to  normal 
l>oundary  layer  theory,  high  local  friction  coefficients  result. 

h.  Theoretical  calculations  of  wall  boundary  layer  growth  along  perforated  walls^ 

Since  the  boundary  layer  growth  along  open  areas  of  a  wall  is  much  faster 
than  the  lx)undar\'  layer  grow'th  along  solid  portions,  it  can  be  expected 
that  the  boundary  layer  growth  along  perforated  walls  is  predominantly 
controlled  by  the  mixing  phenomenon  along  the  open  wall  portions.  Conse¬ 
quently,  an  attempt  was  made  to  calculate  theoretically  the  boundary 
profile  and  the  resulting  discharge  of  air  through  the  p>crforated  wall  into 
the  plenum  chamber  by  means  of  the  methods  used  to  calculate  turbulent 
mixing  along  free-jet  boundaries. 2 
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The  theory  for  turbulent  free-jet  mixing  introduces  a  mixing  length,  /, 
which  is  proportional  to  the  distance  x  in  the  flow  direction,  that  is: 

I  =  cx 

with  c  an  experimental  constant. 

It  was  intuitively  assumed  that  in  the  case  of  perforated  walls  the  mixing 
length  docs  not  grow  in  direct  proportion  to  x  but  is  proportional  to  Rxy 
that  is,  proportional  only  to  the  accumulative  length  of  the  openings  in  the 
wall : 


/  =  cRx 

with  R  the  open-area  ratio  of  the  perforated  wall. 

According  to  this  equation,  the  mixing  length  assumes  a  value  /  =s  0 
when  R  approaches  zero.  In  other  words,  for  a  wall  with  an  infinitely  small 
open-area  ratio  the  free-jet  mixing  effect  has  no  significance.  On  the  other 
hand,  when  R  approaches  /,  that  is,  with  conditions  similar  to  the  case  of 
a  completely  open  wall,  the  mixing  length  /  tends  towards  the  value  which 
occurs  in  the  case  of  free  jets. 

The  friction  along  the  solid  wall  elements  was  not  introduced  into  this 
simplified  theoretical  investigation  since  its  influence  was  assumed  to  be 
small  for  open-area  ratios  having  practical  importance. 

The  theoretical  problem,  therefore,  was  reduced  to  the  solution  of  the 
mixing  layer  equations  for  an  assumed  free  jet  with  a  mi.xing  length  reduced 
according  to  /  =  cRx.  It  w'as  also  assumed  that  the  wall  itself  did  not  disturb 
the  mixing  layer  growth  and  that  the  mixing  profile  extended  internally 
into  the  test-section  flow  and  externally  into  the  plenum  chamber  air.  The 
boundary  conditions  for  the  mixing  layer  are  assumed  to  be  the  same  as 
those  for  a  free-jet  mixing  layer  without  a  perforated  wall,  as  follows: 

Mixing  Layer  Boundary  at  the  Test-Section  Side  {y^y\), — The  local  velocity 
is  assumed  to  be  equal  to  the  velocity  of  the  free  stream  and  has  no  compo¬ 
nent  perpendicular  to  the  free  stream,  that  is 

and  Vy^  =  0 

The  change  of  the  velocity  at  this  station  in  the  v-direction  is  assumed  to  be 
zero,  that  is: 

{dVxl()y)l  =  0 

Mixing  Ijsyer  Boundary  at  the  Plenum  Chamber  Side  {y  =^2)* — The  local 
velocity  and  the  change  in  the  y-direction  must  be  zero,  that  is: 

=  0  and  {dvxldy)2  =  0 

According  to  mixing  layer  theory,  the  velocity  profiles  along  lines 
yjx  =  constant  are  the  same.  Consequently,  a  new  variable  is  introduced: 

■q  =  ylx 

The  stream  function  is  then : 


*3 


Ip  =  VaaxF(ri) 
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The  equation  of  motion  is  based  on  Euler’s  equation: 

dvx  dvx  1  dr 

Vx - 1-  Vy -  = - 

dx  dy  p  dy 

with  T  the  apparent  shear  stress. 

After  introduction  of  the  stream  function  and  several  transformations: 


with  c  the  proportionality  constant  in  the  mixing  length  equation.  This 
differential  equation  has  been  solved  and  the  following  solution  obtained 

F  =  Cl  e-«i-f  C2C«'i^2  cos(a7?  v/3/2)  +  sin(a7;\/3/2) 

with 

a  =  (rF)-2/3  =  aoF-2  3 

The  coefficient  oo  is  a  constant  which  refers  to  the  conditions  along  a 
completely  open  wall  (F  =  1).  Its  value  has  been  determined  experi- 
mentally2  to  be: 

oto  =  11.8 

The  constants  Ci,  C2  and  C3  can  be  determined  from  consideration  of 
the  boundary'  conditions  for  the  above  solution  as: 

aCi  =  -0.0165 

aC2  =  0.137 

aCs  =  0.6918 

Also  the  boundaries  of  the  mixing  layer,  that  is,  the  coordinates  7^1  =  yilx^ 
and  rj2  =y2ix,  have  been  determined  to  l^e: 

(xrji  =  0.981  (Vx  =  Vao) 

0irj2  =  —2.04  =  0) 

These  equations  describe  in  detail  the  velocity  profile  in  a  mixing  zone 
for  completely  open  walls  (F  =  1)  and  for  p>erforated  walls  w'ith  F  <  1. 
With  the  velocity  profile  thus  know'n  and  the  usual  assumption  in  boundary 
layer  theory  that  the  static  pressure  is  constant  at  any  given  station, 
X  =  constant,  it  is  jx)ssible  to  calculate  the  displacement  thickness  or  any 
other  parameters  of  the  boundary  layer,  as  desired. 

It  is  particularly  important  to  know  how  much  air  will  pass  through  the 
perforated  wall  as  a  result  of  the  turbulent  mixing  along  the  open  areas 
when  the  static  pressure  in  the  test  section  is  kept  constant.  Then,  by  applying 
the  continuity  equation,  the  mass  flow’  passing  through  a  perforated  wall 
having  a  parallel  wall  setting  is: 


Y 

Aw  =  XW  I  {pv<30  —  pVx)  drj 
0 

with  w  the  width  of  the  perforated  plate. 
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When  this  equation  was  evaluated^  the  following  numerical  results  were 
determined : 


Am  At  0.1209  0.1209 

m'  - - = - - - 3 

fn  Aup  a  ao 

where:  m  =  mass  flow  through  test  section 

At  =  cross-sectional  area  of  test  section 
Awp=  area  of  perforated  wall. 

Finally,  with  a  =  11.8,  the  unit  mass  flow  m'  is: 

m'  =  (Smlm)(ATl  Aup)  =  0.01023/?2.3 

The  mass  flow  entering  the  plenum  chamber  can  be  determined  in  a 
similar  manner  if  the  perforated  wall  is  placed  at  a  diverged  or  converged 
setting  corresponding  to  17^7  =  yjx  =  constant. 

The  basic  equation  is  then: 


This  equation  can  be  solved  in  much  the  same  way  as  the  equation  for  walls 
having  a  parallel  setting. 

r.  Experimental  determination  of  suction  requirements  and  comparison  with  theory 

Experiments  were  conducted  in  the  low-speed  4  x  8  in.  wind  tunnel  of 
the  Brown  University^  using  six  perforated  W'alls  with  open-area  ratios 
ranging  l>elwcen  0.196  and  0.370.  The  characteristics  of  the  individual 
walls  tested  are  shown  in  the  following  table: 


Wall  Characteristics 


Wall 

Hole  diameter, 
in. 

Holes  jiny 

1 

R 

Hole  shafte 

\ 

0.057  ' 

108 

0.276  1 

hexagonal 

B 

0.057 

144 

0.367 

square 

C 

0.043 

165 

0.260 

hexagonal 

D 

0.045 

225 

0.370 

square 

E 

0.023 

420 

0.196 

hexagonal 

F 

0.023 

576  j 

0.250 

square 

Boundary  layer  velocity  profiles  along  these  walls  were  measured,  and  the 
mass  flow  deficiencies,  that  is,  the  flow  entering  the  plenum  chamber,  were 
determined  from  the  experimental  data. 

In  order  to  check  the  experimental  configurations  and  the  measuring 
equipment,  the  boundary  layer  mixing  zone  along  a  free  jet  was  determined 
after  removing  the  perforated  wall  from  the  test  section.  The  velocity 
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profiles  measured  at  the  various  stations  along  the  free  jet  are  presented  in 
Fig.  13.1.  For  this  figure,  a  value  of  ao  =  11.0  instead  of  11,8  was  used  to 
obtain  a  matching  betw’een  the  experimental  data  and  the  theory.  When 
this  correction  was  made,  the  comparison  between  theory  and  experiment 
was  reasonably  good,  indicating  that  reliable  data  can  be  obtained  with 
such  a  test  setup. 

The  unit  mass  flow  m  of  the  six  perforated  walls  is  plotted  in  Fig.  13.2. 
At  the  upstream  end  of  all  walls,  the  experimental  mass  flow*  removal  values 
are  considerably  larger  than  the  theoretical  values.  Since,  in  this  region,  all 
six  walls  exhibit  values  of  almost  the  same  magnitude,  it  may  be  assumed 
that  the  deviation  betw^een  theory  and  exp>eriment  is  caused  by  the  initial 
boundary  layer  formed  along  the  solid  portions  of  the  tunnel  which  precede 


Fig.  13.1.  Velocity  distribution  in  free-jet  mixing  layer  according  to  theory  and 
experiments  (Brown  University  4x8  in.  wind  tunnel^). 


the  perforated  section.  At  the  dowmstream  end  of  the  perforated  walls  where 
the  influence  of  the  initial  boundary  layer  thickness  is  considerably  reduced, 
the  walls  with  open-area  ratios  ranging  between  0.196  and  0.276  show  unit 
mass  flows  of  the  same  order  of  magnitude  as  predicted  by  theory.  However, 
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in  this  region  the  walls  with  large  open-area  ratios  of  approximately  0.37 
also  had  much  greater  mass  flow  into  the  plenum  chamber,  indicating  that 
a  consideralily  more  intense  mixing  occurs  than  theory  assumes. 

In  summary  it  may  be  stated  that  the  extremely  simplified  theory  of 
Ref.  1  succeeds  in  predicting  the  order  of  magnitude  of  mass  flow  removal 
through  perforated  walls  having  open-area  ratios  ranging  between  0.20 
and  0.28.  This  result  seems  to  prove  that  as  in  the  case  of  free  jets  the  bound¬ 
ary  layer  growth  along  perforated  walls  is  controlled  predominantly  by  the 
mixing  phenomenon. 


DISTANCE  X,  in. 

Fio.  1 3.2.  Mass  flow  through  several  f)erforated  walls  according  to  theory  and  experiments 
(parallel  walls)  (Brown  Univeristy  4x8  in.  wind  tunnel^). 


2.  REFINED  THEORY  FOR  BOUNDARY  LAYER  GROWTH 
ALONG  PERFORATED  WALLS 
a.  Basis  of  refined  theory 

In  an  attempt  to  improve  the  theoretical  calculations  presented  above,  a 
more  refined  theory  was  developed  which  again  is  based  on  the  turbulent 
mixing  which  occurs  along  the  boundaries  of  free  jets.^  Turbulent  mixing 
with  a  modified  mixing  length  was  assumed  as  before.  However,  instead  of 
the  intuitive  assumption  that  the  mixing  length  is  reduced  in  proportion  to 
the  open-area  ratio  /?,  the  reduction  was  more  accurately  calculated  on  the 
basis  of  the  mean  shear  stress  along  the  perforated  wall.  This  stress,  which 
consists  of  the  combined  mean  shear  stress  along  both  the  solid  and  open 
portions  of  the  wall,  was  calculated  according  to  well-known  theories.  The 
mixing  flow  adjacent  to  the  wall  was  then  fitted  to  the  shear  stress  by  a 
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suitable  modification  of  the  mixing  length.  In  other  words,  it  was  assumed 
that  the  entire  mixing  profile  can  be  divided  into  two  separate  regions. 

One  region  is  composed  of  the  main  large-scale  mixing  layer  which  is  not 
influenced  by  either  the  individual  wall  oj>enings  or  the  solid  wall  elements. 
It  corresponds  to  a  homogeneous  fictitious  wall  with  a  mean  shear  force  of 
known  quantity.  The  second  region  includes  the  small  boundary'  layers  along 
the  solid  wall  elements  and  the  small  mixing  layers  along  each  individual 
opening.  These  small-grain  layers  are  assumed  to  be  submerged  in  a  uniform 
flow  which  has  less  velocity  than  the  free-stream  velocity.  The  magnitude 
of  the  effective  velocity  for  each  small-grain  layer  is  determined  from 
calculations  for  the  large-scale  mixing  layer  of  the  perforated  wall. 

A  discussion  of  the  more  refined  theory  will  be  presented  in  the  following 
paragraphs. 


b.  Relationships  derived  from  refined  theory 

The  width  of  the  mixing  layer  along  an  open  boundary  or  a  perforated 
wall  is  represented  by  t/i  that  is,  at  station^  the  local  velocity  Vx 

is  equal  to  the  velocity  of  the  undisturbed  flow.  The  assumption  was  made 
that  the  mixing  length  /  is  proportional  to  the  thickness  yi  of  the  mixing 
layer,  or: 

I  =  Cl/lAT 

In  the  experiments  with  free  jets  and  wakes  behind  bodies  it  was  found  that 
the  constant  C  in  the  above  equation  is  approximately: 

C  =  0.290 

This  value  corresponds  to  the  constant  xo  =  11.8  used  in  the  simplified 
theory,  Section  1  of  this  chapter. 

When  the  stream  function  is  again  introduced, 

0  =  VooXF{7j) 

and  a  new  variable  is  established : 


f  =  V(C>?l)2/3 

the  following  equation  for  function  F  is  obtained,  which  describes  the  stream 
function  as  well  as  the  velocity  distribution  in  the  mixing  layer 

x{(l  +2^0  cos[(6-f)3‘/2]  -  V3  sin[(fi-a3»/2J} 


Open  Jet, — When  the  alx)ve  equation  is  evaluated  for  mass  flow  through 
a  reference  line  =  {yix)w  =  constant)  and  for  the  eflTective  shear 
stress  T,  by  using  a  series  development,  the  following  solutions  are  obtained: 
Mass  Flow 


Shear  Stress 


=  C2f0. 1265+ 0.661  f„+0.282^„2] 

m  A„,p 


C(rlq)i  =  C2(0.318  -  0.1426f„-0.346f„2)‘ 
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with: 


1 

{Crn)V3 

and 

q  =  Ipv^x? 

I'hcsc  two  equations  yield  a  relationship  between  the  relative  thickness  of 
the  mixing  layer,  the  mean  shear  stress,  and  the  mass  flow  through  the 
line  along  which  the  shear  stress  occurs. 


Perforated  Walls* — Other  approximate  relationships  have  been  derived  in 
Ref.  3  for  application  to  perforated  walls.  With  the  general  equation  used 
previously  for  the  stream  function  F,  the  following  simplified  relations 
l>ctwecn  velocity  profile,  cross  flow,  and  shear  stress  along  a  fictitious 
perforated  wall  with  a  mixing  layer  thickness  rj\  were  determined: 

\’elocity  Distribution 


Vac 

Unit  Mass  Flow  through  Wall 
Am  At 


/.  Ml 

(cy 

' - 

2+  — 

A  VI  ^ 

^  VI  ^ 

m  A 


Shear  Stress 


wp 


=  (l  -  (3  +  —) 

24C2\  7,1 }  \  7,1/ 


CW,)-  .  |[.  -  (^)’] 


With  these  equations  it  is  possible  to  determine  the  thickness  of  the 
mixing  layer  rji,  the  velocity  profile,  and  the  mass  flow  through  the  line 
7jti>  ^  constant,  when  the  effective  shear  stress  at  the  wall  tm,  is  known. 


Determination  of  Effective  Shear  Stress  for  Perforated  Walls. — ^The  effective 
mean  shear  stress  along  a  perforated  wall  consists  of  the  stress  along  the 
solid  portions  and  the  apparent  shear  stress  along  the  wall  openings.  The 
combined  efifectivc  mean  shear  stress  can  be  approximated  in  the  following 
form: 


Tie*  —  op«fn  ( 1 

The  cflTcctive  shear  stress  along  the  wall  openings  as  a  function  of  the 
mass  flow'  removal  can  l>c  determined  using  the  previously  derived  equations 
for  an  open  jet,  that  is: 


w'ith : 


f{m  to  open) 


open 


m 


Voo  1 
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The  turbulent  friction  stress  for  the  solid  portions  of  the  wall  can  be 
determined  from  the  theory  for  friction  along  flat  plates: 


—  Cd~^xw^ 
2 


The  friction  coeflicient  Co  for  both  turbulent  and  laminar  boundary  layers 
is  known  from  exp)eriments  with  flat  plates  to  be  a  function  of  the  Reynolds 
number. 

These  equations  were  evaluated  for  various  open-area  ratios  and  for 
various  friction  coefficients  at  the  solid  portions  of  the  wall.^  Some  results 
are  represented  in  Fig.  13.3  for  parallel  walls,  in  Fig.  13.4  for  30'  diverged 
walls  and  in  Fig.  13.5  for  30'  converged  walls.  The  graphs  indicate  that  a 
considerable  increase  in  suction  requirements  occurs  when  the  open-area 


F'lo.  13.3.  Theoretical  mass  flow  removal  requirements  for  perforated  walls  of  various 
open-area  ratios  as  function  of  solid  wall  friction  coefficient;  parallel  wall  setting.^ 


0  ,02  .04  ,06  .08  1.0  1,2  1.4  1.6 


Fuj.  13.4.  Theoretical  mass  flow  removal  requirements  for  perforated  walls  of  various 
open-area  ratios  as  function  of  solid  wall  friction  coefficient;  wall  diverged  30\^ 
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ratio  of  the  wall  is  increased  from  the  lowest  value  of  the  calculation 
/?  =  0.1  to  R  =  0.6.  It  is  also  apparent  that,  even  with  the  parallel  wall 
setting,  the  friction  along  the  solid  portions  of  the  wall  is  noticeable  and 
cannot  be  neglected.  Only  at  large  open-area  ratios  (/?  =  0.4  to  0.6)  docs 
the  influence  of  wall  friction  along  the  solid  jxirtions  become  minor  when 
the  walls  arc  set  parallel  or  converged. 


Fig.  13.5.  Theoretical  mass  flow  removal  requirements  for  perforated  walls  of  various 
open-area  ratios  as  function  of  solid  wall  friction  coefficient;  walls  converged  30\^ 


c.  Comparison  between  theory  and  experiments 

On  the  basis  of  the  preceding  calculations  the  suction  requirements  for  a 
typical  perforated  test  section  with  a  geometry  corresponding  to  that  of  the 
AKDC  transonic  model  tunnel  were  calculated  for  various  open-area  ratios 
of  the  walls.^  The  results  are  shown  in  Fig.  13.6.  It  was  assumed  that  constant 


Fig.  1 3.6.  Comparison  between  theory  and  experiments  for  mass  flow  removal  requirements 
of  f)erf orated  walls  with  different  open-area  ratios  {parallel  walls) 
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pressure  throughout  the  test  section  was  maintained  by  a  proper  combination 
of  mass  flow  removal  through  the  walls  and  convergence  or  divergence  of 
the  walls.  When  the  wall  opening  ratio  was  changed  from  =  O.l  to  /?  = 
0.6,  the  suction  requirements,  according  to  theory*,  arc  more  than  doubled. 
This  is  mainly  due  to  the  increased  mixing  losses  along  the  open  areas  of 
the  wall  and,  to  a  smaller  extent,  to  the  higher  friction  coefficients  along  the 
solid  wall  elements  caused  by  the  smaller  Reynolds  number. 


Fio.  13.7.  Afass  flow  removal  for  perforated  wall  according  to  theory  and  experiments^ 
parallel  walhy  40  per  cent  open  walls^  0/31  in.  holes.^ 


When  the  results  of  the  calculations  arc  compared  with  earlier  experi¬ 
mental  results  obtained  in  the  AEDC  transonic  model  tunnel,^  the  agree¬ 
ment  is  satisfactory  at  an  open-area  ratio  of  22.5  per  cent,  where  experiment 
indicates  a  requirement  for  3.6  per  cent  mass  flow  removal  and  theory 
indicates  a  requirement  for  3.3  per  cent.  At  the  lower  open-area  ratios,  the 
suction  requirements  were  slightly  overestimated  by  theory;  at  the  larger 
open-area  ratio  of  33  per  cent  a  large  discrepancy  occurred.  While  the 
increase  of  suction  requirements  with  an  increase  of  open-area  ratio  is 
properly  presented  by  the  theory,  the  magnitude  of  the  increase  is  under¬ 
estimated.  Instead  of  the  measured  6.8  per  cent  mass  flow  removal  required 
for  the  33  per  cent  open-area  wall,  theory  predicts  only  4.1  per  cent.  This 
difference  is  probably  caused  by  the  lack  of  uniform  pressure  distribution 
in  the  test  section  during  the  experiments.  Small  fluctuations  in  pressure 
result  in  much  larger  mixing  losses  because  of  the  alternating  inflow  and 
outflow  through  the  wall.  The  theoretical  values  which  arc  valid  for  smooth 
flow  in  the  test  section  do  not  account  for  these  increased  losses. 
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In  another  scries  of  experiments,  a  perforated  wall  with  holes  of  0.31  in. 
diam  and  an  open-area  ratio  of  /?  =  0.40  was  investigated  at  low  Mach 
numbei's.'*  The  suction  requirements  for  uniform  pressure  in  the  test  section 
at  a  parallel  wall  setting  and  the  velocity  profiles  in  the  vicinity  of  the 
perforated  wall  were  determined.  From  the  velocity  profile  the  local  suction 
requirements  and  the  local  shear  stress  were  calculated  using  the  refined 
thexiry  (Section  2  of  this  chapter).  For  this  perforated  wall  the  simplified 
theory  (Section  1  of  this  chapter)  indicates  a  unit  mass  flow  removal  value 

m'  =  (Aw/m)(.4r/.4M,p)  =  5.5  x  10-3 
'Flic  refined  theory,  which  considers  the  solid  wall  friction,  resulted  in 

m'  =  5.62  X  10  3 

indicating  only  a  small  diflerence  at  this  open-area  ratio  and  Reynolds 
number.  Some  experimental  results  of  this  test  series  are  compared  with 
calculated  values  of  local  suction  requirements  and  local  shear  force  in 
P'igs.  13.7  and  13.8.  The  local  suction  requirements  are  in  reasonably  good 
agreement  with  theory;  however,  the  local  shear  stress  is  approximately  40 
to  50  per  cent  greater  than  theory  predicts. 
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Fig.  13.8.  Mean  shear  stress  along  perforated  wall  according  to  theory  and  experiments^ 
parallel  walls  with  40  f)er  cent  open^area  ratioy  0.31  in.  holes.* 
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In  spite  of  the  observed  differences  between  theory  and  experiment  it  is 
believed  that  the  theoretical  treatment,  particularly  in  the  refined  version, 
can  serv'c  as  a  useful  tcx)l  in  predicting  the  suction  requirements  and  the 
thickness  of  the  mixing  layer  near  perforated  walls.  It  is  particularly  signifi¬ 
cant  that  the  suction  requirements  for  full-scale  tunnels  can  be  expected  to 
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he  smaller  than  the  experimentally-determined  requirements  for  model 
tunnels.  I'his  favorable  cfTect  can  be  deduced  from  theory  and  is  due  to  the 
increase  of  the  Reynolds  number  in  the  larger  wind  tunnels  and  the  conse¬ 
quent  reduction  of  the  friction  coefficient  along  the  solid  wall  elements. 


3.  EXPERIMENTAL  DETERMINATION  OF  VELOCITY  PROFILES 
AND  DISPLACEMENT  THICKNESS  OF  BOUNDARY  LAYERS 
ADJACENT  TO  PERFORATED  WALLS 

a.  Velocity  profiles 

The  velocity  distribution  in  the  Ixjundary  layer  adjacent  to  perlbrated 
walls  has  been  measured  in  numerous  experimental  series.  Some  typical 
distributions  for  perforated  walls  with  open-area  ratios  varying  between 
5.2  and  33  per  cent  obtained  in  the  AKDG  transonic  model  tunnel  (Ref.  5) 
are  presented  in  Figs.  13.9a,  b,  and  c.  At  the  parallel  wall  setting  (Fig.  1 3.9a), 
the  velocity  profiles  for  all  perforated  walls  tested  were  identical  at  the 
upstream  end  of  the  perforated  walls  (station  .v  =  2.3  in.  from  the  upstream 
end  of  the  test  section).  Downstream,  toward  the  end  of  the  test  section,  the 
velocity  profiles  indicate  the  anticipated  boundary  layer  growth  at  stations 
a:  =  16.8  in.  and  30.6  in.  Though  the  velocity  proffles  and  boundary 
layer  displacement  thickness  of  the  walls  with  open-area  ratios  between  5 
and  22.5  per  cent  do  not  differ  greatly,  the  33  per  cent  open  wall  has  not 
only  a  larger  width  of  boundary  layer  but  also  a  different  velocity  profile 
shape  in  the  region  near  the  wall.  This  difference  is  particularly  pronounced 
at  the  most  rearward  position,  x  =  30.6  in.  However,  the  tendency  toward 
a  different  velocity  profile  is  already  apparent  at  the  intermediate  position 
.V  =  16.8  in.  Thus  it  is  not  likely  that  the  difference  is  caused  by  an  end- 
effect  in  the  transition  region  between  test  section  and  diffuser. 

The  same  general  tendencies  in  shape  arc  exhibited  by  the  boundary 
layer  profiles  at  the  30'  diverged  and  30'  converged  wall  settings  (Figs. 
13.9b  and  c,  respectively).  Again,  the  walls  with  open-area  ratios  of  22  per 
cent  or  less  have  quite  similar  shapes,  and  the  wall  with  33  per  cent  open- 
area  ratio  shows  the  characteristic  reversal  of  curvature  in  the  velocity 
profile. 

When  the  velocity  profiles  for  perforated  walls  are  compared  with  the 
profiles  measured  along  solid  walls,  it  is  apparent  that  in  the  immediate 
vicinity  of  the  wall  a  noticeable  difference  occurs.  Because  of  the  “partially 
open-jet”  character  of  the  boundary  layer  near  perforated  walls,  the  vel¬ 
ocities  do  not  approach  zero  at  the  wall  itself,  as  is  the  case  with  solid  walls. 
The  velocity  along  the  open  areas  of  a  pierforatcd  wall  arc  finite  because  of 
the  mixing  effect  (see  Section  2b  of  this  chapter).  Individual  “solid  wall” 
Ixiundary  layers  start  to  build  up  at  each  wall  element,  but  they  arc  so 
thin  that  in  practice  a  finite  velocity  is  always  measured  ne:\r  the  wall.  This 
phenomenon  is  particularly  evident  in  the  case  of  the  most  open  wall  (33 
per  cent  open-area  ratio)  where  the  mixing  layer  character  of  the  boundary 
layer  is  very’  pronounced,  and  the  velocities  at  the  wall  have  values  in  excess 
of  VxiVfXi  =  0*7,  whether  the  wall  is  set  parallel,  diverged,  or  converged  (see 
Fig.  13.9). 
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c.  Top  and  bottom  walls  30*  converged. 


Fig.  13.9.  Boundary  layer  profiles  along  perforated  walls  with  different  open-area  ratios^ 
/?,  at  various  stations;  M  ^  1. 0  (AEDC  I  ft  transonic  model  tunneP). 
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b.  Displacement  thickness 

The  displacement  thickness  of  the  boundary  layer  along  perforated  walls 
grows  in  the  flow  direction  unless  the  walls  are  converged  and  plenum 
chamber  mass  flow  removal  is  applied.  When  a  constant  static  pressure 
exists  in  test  sections  with  parallel  walls,  the  boundary  layer  displacement 
thickness  becomes  greater  as  the  mass  flow  removal  from  the  plenum  chamber 
is  increased  to  maintain  constant  pressure  throughout  the  test  section. 
Naturally,  a  diverged  wall  setting  also  helps  to  increase  the  lx)undary  layer 
displacement  thickness. 

The  preceding  statements  are  based  on  simple  continuity  considerations 
from  which  the  following  relationships  can  be  established: 

\m  =  C’t’ — '  iyK^)Z.Ci)iv 

and 


m* 


Am  At  AS^CV  /.Cdiv 
-  =  - 


where  m  =  mass  flow  through  test  section 

Am  =  mass  flow  removal  from  test  section 

AS*  =  change  of  the  boundary  layer  displacement  thickness  throughout 
the  test  section 
At  =  area  of  test  section 
Awp  =  area  of  perforated  walls 

Ct  =  circumference  of  the  test  section  at  upstream  end  of  the  lest 
section 

C'div  =  sum  of  widths  of  divergent  walls 
L  =  length  of  divergent  walls 
rjff;  =  y lx  =  wall  divergence. 

In  the  special  case  of  all  four  walls  of  a  square  test  section  perforated 
and  only  two  walls  set  divergent  or  convergent,  the  above  equation  sim¬ 
plifies  to: 


Am  H 


m  = 


m  4L 


AS* 

~ 


and : 


AS*  = 


H  Am 

- H - ‘ 

4  m  2 


where  H  =  test-section  height. 

This  equation  proves  that  the  greater  the  rate  of  the  I>oundary  layer 
growth  throughout  the  test  section,  the  more  mass  flow  removal  is  required 
to  maintain  constant  static  pressure  throughout  the  test  section.  Only  when 
wall  convergence  (a  negative  value  of  riw)  is  employed  is  the  boundary  layer 
growth  reduced  so  that  the  lx)undary  layer  remains  constant  or  lessens  in 
thickness,  depending  uix)n  the  amount  of  suction  applied.  These  general 
conclusions  are  borne  out  by  the  experimental  results  cited  in  the  following 
paragraph. 
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In  a  test  series  ai  the  AKDC  transonic  model  tunnel,®  the  boundary  layer 
displacement  thickness  at  various  stations  in  the  test  section  was  measured 
as  shown  in  Fig.  13.10.  The  larger  the  open-area  ratio  of  the  wall,  the  larger 
the  boundary  layer  displacement  thickness.  This  graph  supports  the  con¬ 
clusion  drawn  from  the  preceding  equation  that  in  a  test  section  with  parallel 
walls  the  l>oundary  layer  thickness  cannot  remain  constant  throughout  the 
test  section  even  though  large  amounts  of  plenum  chamber  suction  are 


Fici.  13.10.  Influence  of  often-area  ratio  of  (terforated  walls  on  boundary  layer  growth 
at  Af  =  IM  (AEDC  I  ft  transonic  model  tunnel^). 

applied.  For  example,  a  mass  flow  removal  of  1.45  per  cent  of  the  test- 
section  flow  was  required  to  maintain  constant  static  pressure  through  a 
test  section  with  a  wall  having  a  5.2  per  cent  open-area  ratio.  According 
to  the  above  equations,  this  value  of  mass  flow  removal  should  result  in  a 
growth  of  boundary  layer  displacement  thickness  of  AS***  =  0.035  in.  The 
value  compares  with  the  experimental  boundary  layer  growth  of  0.028  in. 
measured  between  stations  at  =  2.3  and  30.8  in.  A  comparison  between 
calculated  and  measured  Ixjundary  layer  displacement  thickness  is  shown 
for  the  other  perforated  walls  in  the  following  table. 


Experimental  and  Theoretical  Boundary  Layer  Displacement  Thickness^  A5*, 
for  Various  Perforated  Walls 


Wall  open-area  ratio. 

1 

5.2 

1 

1 1.8 

22.5 

33.0 

per  cent 

1 

1 

Theory,  A8*,  in. 

0.035 

0.042 

0.053 

0.165 

Experiment,  AS*,  in. 

0.028 

0.048 

0.050 

0.108 

(AS*  theory  calculated  from  measurements  of  suction  requirements  for  parallel 
walls®.) 
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The  comparison  between  the  theoretical  and  experimental  values  for 
lx>undary  layer  growth  indicate  that  the  equation  predicts  the  growth  of 
the  displacement  thickness  through  a  test  section  within  the  accuracy  of 
boundary  layer  displacement  thickness  measurements.  The  discrepancies 
between  theory  and  experiments  are  undoubtedly  caused  by  non-uniformities 
of  both  the  lK)undary  layer  and  the  main  flow  outside  the  l>oundary  layer. 
\^ery  careful  and  detailed  measurements  of  the  velocity  profile  in  the 
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Fig.  13.11.  Comparison  between  calculated  and  measured  mass  flow  removal  from  test 
sections  with  perforated  walls  {17  per  cent  open^  M  =  0.98) 

{NACA  3x3  in.  transonic  model  tunnel^), 

350 


BOUNDARY  LAYER  GROWTH  ALONG  PARTIALLY  OPEN  WALLS 

lx)undary  layer  should  eliminate  these  discrepancies  so  that  a  much  better 
correlation  could  be  obtained.  This  supposition  is  supported  by  an  analysis 
of  the  Ixjundary  layer  profiles  and  the  mass  flow  removal  values  for  some 
experiments  conducted  by  tiie  NACA.®  The  comparison  between  measured 
and  calculated  outflow*  (sec  Fig.  13.11)  establishes  good  correlation  be¬ 
tween  theory  and  experiment. 

During  the  experiments  in  the  AFDC  transonic  model  tunnel,  the  wall 
setting  was  varied  from  parallel  to  30'  diverged  and  30'  converged,  and 
the  lx)undary  layer  growth  through  the  test  section  along  the  perforated 
walls  was  determined.  The  results,  presented  in  Fig.  13.12,  show  that  for 


-20  -10  0  10  20 
DIVEROENCE  ,  MIN 

Fk;.  13.12.  Itifluence  of  wall  setting  on  boundary  layer  growth  for  dijferent  perforated 
walls  at  M  =  l.O  {AEDC  /  fl  transonic  model  tunnel^), 

walls  with  open-area  ratios  of  22.5  per  cent  a  wall  convergence  of  30' 
merely  maintains  the  boundary  layer  displacement  thickness  constant 
throughout  the  test  section;  at  5.2  per  cent  open-area  ratio  the  same  wall 
setting  even  shows  a  slight  reduction  of  the  displacement  thickness.  Through 
extrapf)lation  of  the  results  for  the  wall  with  33  per  cent  open-area  ratio  it 
can  be  estimated  that  more  than  I  ®  of  wall  convergence  would  be  required  to 
maintain  the  lx>undary  layer  of  this  wall  at  a  constant  displacement  thickness. 

It  should  be  remembered  that  the  relationship  between  boundary  layer 
thickness  and  wall  setting  depends  u|X>n  the  Reynolds  number  of  the  test, 

*  C^ornparison  between  measured  and  calculated  outflow  is  equivalent  to 
comparison  between  measured  and  calculated  boundary  layer  thickness  since 
it  is:  (Am/m)  «  4(ASV//)2(Z.///)7;,^. 
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as  explained  in  detail  in  Section  2  of  this  chapter.  Also,  the  shear  stress 
along  perforated  walls  will  be  smaller  in  full-scale  wind  tunnels  than  in 
model  tunnels.  Consequently,  in  full-scale  wind  tunnels  smaller  convergence 
angles  and  lower  mass  flow^  removals  can  he  expected  than  in  the  corres¬ 
ponding  model  tunnels. 

4.  EXPERIMENTAL  DETERMINATION  OF  BOUNDARY  LAYER 
DEVELOPMENT  IN  SLOTTED  TEST  SECTIONS 
a.  Velocity  profiles 

Experiments  in  perforated  test  sections  indicate  that  the  flow  which 
passes  the  perforated  walls  loses  its  momentum  very  rapidly  after  it  enters 
the  plenum  chamber  (see  Figs.  14.5  and  14.6).  In  slotted  test  sections,  on 
the  plenum  chamber  side  of  the  slots,  there  is  a  confined  region  of  flow  which 
only  gradually  loses  its  momentum.  This  external  flow  in  the  slot  region 
not  only  may  affect  the  suction  requirements  of  slotted  test  sections  but 
also  causes  a  change  in  the  boundary'  conditions  since  the  pressure  on  both 
sides  of  the  tunnel  wall  is  no  longer  equal  to  the  plenum  chamber  pressure. 

Some  typical  full-scale  measurements  of  the  mixing  in  the  slot  region  arc 
shown  in  Fig.  13.13  for  a  slotted  test  section  in  the  NACA  Langley  16  ft 
transonic  tunncl.7  It  is  apparent  that  even  at  a  station  approximately  30  ft 
downstream  of  the  leading  edge  of  the  slots,  flow  wdth  considerable  dynamic 
pressure  exists  in  the  region  near  the  wall  outside  the  test  section. 

A  systematic  investigation  of  the  velocity  profile  in  the  slot  region  of  a 
slotted  test  section  at  different  wall  settings  was  conducted  in  the  AKDC 
transonic  model  tunnel  (see  Ref.  8,  and  Figs.  13.14a,  b  and  c).  The  gradual 
penetration  of  flow  through  the  slots  into  the  plenum  chamber  was  again 
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RADIAL  DISTANCE  FROM  TUNNEL  WALL  ,  in. 


Fig.  13.13.  Total  pressure  distribution  in  slot  region  of  NACA  Langl^  16  ft  transonic 
wind  tunnel,  M  *=  1.07^  open-area  ratio  12.5  per  cent,  eight  slots.’’ 
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a.  Station  x  =  9,8  in. 


Fig.  13.14.  Veloaty  distributions  in  slot  region  of  slotted  test  sections  at  AI  =^1,0,  sixteen  slots^  11  per  cent  open-area  ratio  {AEDC  1  ft  transonic  model  tunnel^). 


TRANSONIC  WIND  TUNNEL  TESTING 

apparent  when  the  measuring  station  was  shifted  from  the  front  to  the  rear 
portion  of  the  test  section.  Divergence  or  convergence  of  the  walls  did  not 
change  the  basic  character  of  the  velocity  distribution  curves.  However, 
convergence  did  induce  more  of  the  flow  to  penetrate  further  into  the  plenum 
chamber,  which  is  logical  from  physical  considerations. 

Local  inflow  or  outflow  aflfects  the  flow  in  the  immediate  slot  region  most 
severely,  but  even  at  the  center  of  the  solid  portions  of  the  wall  its  influence 
is  still  apparent  (Fig.  13.15).  Velocity  profiles  measured  at  the  center  of 
the  solid  wall  region  of  a  1  ft  slotted  test  section®  at  2.9  in.  behind  the 
beginning  of  the  slats  are  practically  uninfluenced  by  the  setting  of  the 
wall.  However,  at  the  downstream  end  of  the  test  section  x  =  31.9  in., 
the  profiles  vary  considerably,  as  shown  by  Fig.  13. 1 5c. 


Fio.  13. 15.  Velocity  distribuiiom  along  slat  centerline  of  slotted  test  section  at  M  =*  7.0, 
sixteen  slotSy  1 1  per  cent  open-area  ratio  {AEDC  /  ft  transonic  model  tunnel^). 


Fig.  13.16.  Boundary  layer  growth  at  slot  and  slat  centerlines  of  slotted  test  section  with 
sixteen  slots,  11  /)er  cent  open-area  ratio,  Af  LO  {AECD  1  Jl  transonic 
model  tunnel^). 
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b.  Displacement  thickness 

'rhc  boundary  layer  displacement  thickness  at  the  centers  of  the  slots 
and  slats  of  the  same  slotted  test  section  was  measured  at  various  wall 
settings  (Fig.  1 3. 16).  At  the  centers  of  the  solid  portions  of  the  wall  the 
boundary  layer  displacement  thickness  grew  steadily  when  the  measuring 
station  was  shifted  downstream.  The  displacement  thickness  in  the  region 
of  the  slots  also  shows  steady  grow'th,  but  in  this  case  the  magnitude  depends 
largely  upon  the  wall  setting.  In  the  more  rearw^ard  portion  of  the  slotted 
test  section,  a  very  rapid  growth  of  displacement  thickness  was  observed  at 
all  wall  settings.  This  rapid  grow'th  may  be  caused  in  part  by  the  difference 
in  slot  w'idth  (tapered  as  far  as  station  x  =  2.0//  and  constant  at  its  maxi« 
mum  value  further  downstream).  However,  the  major  reason  for  the  rapid 
grow^th  is  probably  local  flow  into  the  test  section  which  may  be  caused  by 
non-uniformities  of  the  test-section  flow  or  by  insufficient  mass  flow  removal 
from  the  test  section. 
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CHAPTER  14 


POWER  REQUIREMENTS  OF  TRANSONIC 
WIND  TUNNELS 

1.  INFLUENGK  OF  AUXILIARY  PLENUM  CHAMBER  SUCTION 
ON  POWER  REQUIREMENTS 

As  discussed  in  some  detail  in  Chapter  12,  the  same  Mach  number  can  be 
established  in  either  the  perforated  or  slotted  type  of  partially  open  test 
sections  by  using  various  amounts  of  auxiliary'  plenum  chamber  suction. 
Results  from  typical  tests  made  to  determine  the  Mach  number  distribution 
in  a  perforated  test  section  are  shown  again  in  Fig.  14.1.  As  previously 
explained,  a  change  in  the  amount  of  suction  affects  the  Mach  number 
distribution  only  in  the  extreme  downstream  region  of  the  test  section,  and 
a  constant  Mach  number  can  be  maintained  through  the  entire  test  section 
by  proper  adjustment  of  the  pressure  rise  ratio  of  the  wind  tunnel  com¬ 
pressor.  When  a  minimum  amount  of  suction  is  applied,  that  is,  when  the 
Ixmndary  layer  at  the  rear  portion  of  the  test  section  and  at  the  beginning 
of  the  diffuser  reaches  its  maximum  thickness,  the  pressure  ratio  of  the 
wind  tunnel  compressor  is  a  maximum.  When  large  amounts  of  auxiliary 
plenum  chamber  suction  are  applied,  and  consequently  the  boundary  layer 
at  the  test-section  end  is  thinned  considerably,  the  pressure  rise  required  of 
the  wind  tunnel  compressor  is  considerably  reduced  (see  Fig.  14.2). 

These  results  are  explained  by  the  well-known  fact  that  most  wind 
tunnel  losses  are  closely  related  to  the  pressure  recovery'  in  the  diffuser. 
Thus,  since  diffuser  efficiency  depends  decisively  upon  the  l>oundary'  layer 
thickness  at  the  upstream  end  of  the  diffuser,  the  pressure  ratio  required  of 
the  wind  tunnel  drive  system  is  gradually  reduced  as  the  amount  of  auxiliary 
suction  is  increased.  Figure  14.2  also  indicates  that  it  is  useless  to  apply 
more  than  the  minimum  compressor  pressure  rise  at  minimum  mass  flow 
removal  (in  this  case  2.2  per  cent),  since  it  is  not  possible  to  influence  the 
Mach  number  distribution  and  l)oundary'  layer  growth  caused  by  choking 
at  the  downstream  end  of  the  test  section.  Instead,  a  supersonic  field  of 
increasing  extent  is  established  in  the  diffuser  when  more  pressure  boost  is 
provided  than  is  required  at  the  minimum  suction  ix>int. 

Because  of  this  noticeable  interrelationship  between  main  compressor 
pressure  rise  and  auxiliary'  suction,  it  is  possible  to  increase  the  operating 
range  of  a  wind  tunnel  either  by  increasing  the  power  input  to  the  main 
drive  system  or  by  increasing  the  auxiliary'  plenum  chamber  suction.  Unless 
disturbances  are  produced  by  imperfect  matching  of  wind  tunnel  pressure 
ratio  and  auxiliary  suction,  a  partially  open  wind  tunnel  can  be  operated 
using  many  combinations  of  main  drive  pressure  ratio  and  auxiliary  suction. 
This  is  particularly  convenient  whenever  it  is  difficult  to  increase  the  power 
input  to  the  main  drive  system  but  easy  to  increase  the  mass  flow  removal 
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1.6 

1.4 

1.2 

4  8 

AUXILIARY  MASS  FLOW  REMOVAL 


OF 

>TIMUI 

Ml  sue 

TIOM 

a.  Afach  number  distribution. 


b.  Diffuser  pressure  ratio. 


N 


c.  Power  requirements. 

Fio.  14.1.  Poiver  requirements  of  perforated  test  section  (22.5  f}er  cent  open,  J  in.  holes) 
for  various  plenum  chamber  suctions  at  M  ^  1.0,  po  ^  I  atm,  and  To  =  520^ R 
(AEDC  /  ft  transonic  model  tunneP*). 


¥ig.  14.2.  Tunnel  pressure  ratio  as  function  of  plenum  chamber  suction  for  various  Much 
numbers  (perforated  test  section  with  sonic  nozzles^  6  per  cent  open,  inclined  holes, 
parallel  walls)  (AEDC  1  ft  transonic  model  tunneP), 
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capacity  of  the  auxiliary  suction  equipment.  Naturally,  for  only  one  com¬ 
bination  of  pressure  ratio  and  mass  flow  removal  is  a  uniform  Mach  number 
distribution  established  which  extends  to  the  extreme  downstream  end  of 
the  test  section.  This  condition,  which  might  be  characterized  as  the  point  of 
optimum  suction  operation,  requires  only  slightly  more  auxiliary  suction  than 
the  minimum  amount  needed  to  establish  the  required  Mach  number  flow. 

The  “air-power”  requirements  for  both  main  drive  and  auxiliary  suction 
are  presented  in  Fig.  14,1c,  based  on  the  pressure  ratio  requirements  of  the 
auxiliary  suction  and  main  drive  compressors  for  the  same  conditions  shown 
in  Figs.  14.1a  and  b.  When  the  same  efficiency  is  assured  for  both  main 
drive  and  auxiliary  suction  compressors,  the  values  of  “air-power”  are 
directly  indicative  of  the  shaft-power  requirements.  The  results  indicate 
that  a  trade-off  between  auxiliary  suction  power  and  main  w'ind  tunnel 
drive  power  is  possible  over  a  w^ide  range  of  mass  flow^  removal.  It  is  even 
possible  for  the  auxiliary'  suction  to  equal  the  power  input  into  the  main 
drive  system  w^ithout  increasing  the  total  power  required  of  the  auxiliary 
suction  and  main  drive  compressors. 

Obviously,  near  the  optimum  operating  point,  large  savings  in  total 
power  can  he  accomplished  by  increasing  the  amount  of  auxiliary^  suction. 

I'he  relationships  presented  in  Fig.  14.1  are  typical  of  lx)th  perforated 
and  slotted  wind  tunnels.  They  also  hold  true,  not  only  for  Mach  number 
one,  as  discussed  above,  but  also  for  the  entire  subsonic  and  supersonic 
Mach  number  range,  regardless  of  whether  a  sonic  or  a  contoured  super¬ 
sonic  nozzle  is  employed  to  establish  the  supersonic  flow.  This  fact  is  dem¬ 
onstrated  by  data  obtained  from  a  test  series  conducted  in  the  AFDC 
transonic  model  tunnel  (Fig.  14.2).  In  this  case  the  perforated  test  section 
was  equipped  with  inclined  holes  having  a  nominal  open-area  ratio  of  6  per 
cent.'  The  variation  of  tunnel  pressure  with  auxiliary*  w'eight  flow  removal 
is  similar  to  the  variation  obtained  at  Mach  number  one  (Fig.  14.1).  The 
large  increase  in  suction  required  to  establish  the  supersonic  flow  was  caused 
by  the  use  of  a  sonic  instead  of  a  contoured  nozzle.  Again,  operation  with 
optimum  suction,  also  indicated  in  Fig.  14.2,  required  somewhat  more  than 
the  minimum  suction  needed  to  establish  the  particular  Mach  number. 

2.  POVVKR  RECiUIREMRNTS  OF  PERFORATED  TEST  SECTIONS  FOR 

VARIOUS  COMBINATIONS  OF  AUXILIARY  PLENUM  CHAMBER 
AND  DIFFUSER  SUCTION 
a.  Power  requirements  without  auxiliary  plenum  chamber  suction 

A  perforated  test  section  can  be  operated  through  the  subsonic  and  low’ 
supersonic  Mach  number  range  without  the  application  of  auxiliary  plenum 
chamber  suction  (see  Chapter  12).  In  such  a  case,  however,  it  is  necessary 
to  remove  some  air  from  the  plenum  chamber  by  means  of  difTuser  suction 
to  prevent  choking  of  the  test  section  at  subsonic  Mach  numbers  or  to 
establish  flow'  at  supersonic  Mach  numbers  without  the  use  of  a  Laval 
nozzle.  Naturally,  in  the  latter  case,  the  suction  depends  largely  upon  the 
tyqje  of  openings  provided  in  the  diffuser.  These  openings  must  be  of  a  type 
which  will  retain  as  much  as  possible  of  the  kinetic  energy  of  the  suction 
flow  and  disturb  the  diffuser  pressure  recover}’  as  little  as  }x>ssible. 
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One  variable  diffuser  suction  device  consists  of  remotely  controllable 
diffuser  Haps,  suggested  initially  by  the  staff  of  the  Boeing  Airplane  Ck)., 
Seattle.*^  This  device  is  shown  schematically  in  Fig.  14.3.  When  the  flaps 
are  closed,  a  normal  diffuser  contour  is  established.  When  the  flaps  are 
gradually  opened,  various  amounts  of  air  are  sucked  into  the  diffuser  by  the 
ejector  effect  of  the  main  wind  tunnel  flow  assisted  by  the  low  pressure  area 
in  this  section  of  the  diffuser. 

With  diffuser  flaps  of  this  type,  test-section  Mach  numbers  can  be  estab¬ 
lished  through  the  range  given  in  Fig.  14.4.  When  the  flaps  are  closed,  the 
empty  test  section  is  choked  at  a  Mach  number  of  0.89.  As  the  flaps  are 
gradually  opened  to  a  maximum  of  8.3  per  cent  of  the  tunnel  height,  a 
test-section  Mach  number  of  1.25  is  established.  Further  opening  of  the 


Fig.  14.3.  Sketch  of  perforated  test  section  with  solid  taper  strips  and  diffuser  flaps 
(AEDC  I  ft  transonic  model  tunnel^^). 


Fig.  14.4.  Tunnel  pressure  ratio  for  l)erfoTated  test  section  with  diffuser  flap  sections 
(no  aipciliary  suction)  with  and  without  model  installed  (parallel  walls ^  1 L8  fm  cent 
open^  all  four  flaps  open,  sonic  nozzle)  (AEDC  1  ft  transonic  model  tunnel^). 
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flaps  docs  not  increase  the  test-section  Mach  number  noticeably  but  does 
raise  the  tunnel  pressure  ratio  greatly.  At  the  8.3  per  cent  flap  opening  and 
a  Mach  number  of  1 .25,  the  required  tunnel  pressure  ratio  is  increased  to  1 .45. 

The  Mach  numbers  established  for  an  empty  test  section  shift  to  somewhat 
lower  v'alucs  when  a  model  (i.e.  a  body  of  rotational  symmetry  with  a 
fineness  ratio  of  10  and  a  blockage  ratio  of  5  per  cent)  is  installed  (see  Fig. 
14.4).  The  difference  in  power  requirements  with  and  without  the  model  is 
particularly  noticeable  in  the  low  Mach  number  range. 

The  large  tunnel  pressure  ratio  required  to  establish  flow  in  a  partially 
open  test  section  using  diffuser  suction  without  auxiliary  suction  can  be 
understood  when  it  is  realized  that  an  appreciable  amount  of  air  must  be 
remov'ed  in  order  to  prevent  choking  at  subsonic  Mach  numbers  or  to 
establish  supersonic  flow  without  contoured  nozzles  (sec  Chapter  12). 
Therefore,  for  operation  without  auxiliary  suction  some  air  must  flow  into 
the  diffuser,  which,  because  of  its  low  total  pressure,  increases  the  effective 
boundary  layer  thickness  at  the  diffuser  entrance  and,  consequently,  the 
large  tunnel  pressure  ratio.  Experiments  in  the  AEDC  transonic  model 
tunnel^  show  that  on  the  plenum  chamber  side  of  perforated  walls  most  of 
the  kinetic  energy  of  the  inflow  is  lost  due  to  eddy  formation;  the  total 
pressure  at  the  plenum  chamber  side  of  the  perforated  walls  is  practically 
equal  to  the  static  pressure  in  the  plenum  chamber.  Some  typical  results  of 
experiments  on  this  effect  for  a  wall  with  22  per  cent  open-area  ratio  are 
presented  in  Fig.  14.5  at  station  x  =  1.4/7  downstream  of  the  test-section 
inlet.  The  usual  boundary  layer  profile  was  established  on  the  test-section 
side  of  the  walls,  but  the  total  pressure  at  the  plenum  chamljer  side  was 
practically  identical  to  the  static  pressure  in  the  plenum  chamber  at  the 
test  Mach  numbers  of  0.9  and  1.2. 
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Fig.  14.5.  Total  pressure  distribution  near  perforated  wall  at  Station  xJH  «=  1,4 
(22.5 per  cent  open,  J  in.  holes,  parallel  walls)  (AEDC  I  ft  transonic  model  tunnel^). 
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The  total  pressure  distribution  on  both  sides  of  a  perforated  wall  with 
inclined  holes  shows  the  same  basic  characteristics,  that  is,  at  station  1.4//, 
the  total  pressure  at  the  plenum  chamber  side  was  practically  equal  to  the 
static  pressure  in  the  chaml^er  (Fig,  14.6b).  This  is  also  true  at  the  most 


a.  Station  x/H  *  0.46. 


b.  Station  xjH  =  1.4. 

Fio.  14.6.  Total  pressure  distribution  near  perforated  ivall  with  60^  inclined  holes, 
6  per  cent  open,  parallel  walls  {AEDC  1  ft  transonic  model  tunnel^) . 
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forward  station,  x  =  0.46//,  Mach  number  0.9  (see  Fig.  1 4.6a).  At  this 
latter  station  and  a  Mach  number  of  1.2,  however,  the  total  pressure  im- 
mediately  adjacent  to  the  wall  at  the  plenum  chamber  side  was  slightly  larger 
than  the  plenum  chamber  static  pressure.  At  a  lateral  distance  of^  =  2  per 
cent  of  the  test-section  height,  the  kinetic  energy  was  almost  completely 
dissipated  so  that  once  again  the  local  pressure  approached  the  static 
pressure.  This  phenomenon  is  easily  understood.  To  establish  a  Mach  num¬ 
ber  of  1.2,  approximately  3  per  cent  of  the  test-section  flow  must  be  removed 
by  suction  in  the  forward  portion  of  the  test  section;  thus  in  this  region,  the 
removed  air  still  maintains  part  of  its  kinetic  energy  until  it  is  dissipated 
further  downstream. 

On  the  basis  of  the  cited  test  results  and  other  unpublished  data,  it  may  be 
concluded  that  plenum  chamber  suction  requirements  are  not  reduced  by 
any  kinetic  energy  remaining  in  the  suction  flow.  Thus,  when  diffuser  flaps 
are  used,  the  thickness  of  the  boundary  layer  entering  the  diffuser  is  greatly 
increased. 

b.  Power  requirements  for  various  combinations  of  auxiliary  plenum  chamber  and 
diffuser  suction 

In  order  to  compare  the  relative  merits  of  diffuser  and  auxiliary  plenum 
chamber  suction,  various  perforated  walls  were  studied  in  the  AFDC 
transonic  model  tunnel,  and  tunnel  pressure  ratio  requirements  were 
determined  as  a  function  of  flap  opening  and  auxiliary  plenum  suction. 
Since  all  these  experiments  showed  the  same  trend,  only  the  results  at  the 
test-section  Mach  number  of  one  will  be  discussed. 

Results  obtained  with  a  perforated  wall  having  a  22.5  per  cent  open-area 
ratio  and  ^  in.  holes^  indicate  that  when  the  flaps  are  open  8.3  per  cent  of 
the  test-section  height,  the  test  section  can  be  op>erated  without  auxiliary- 
plenum  chamber  suction  at  a  tunnel  pressure  ratio  of  1.24.  On  the  other 
hand,  when  2.5  per  cent  auxiliary  suction  is  applied,  the  tunnel  pressure 
ratio  is  reduced  to  1.18,  as  indicated  in  Fig.  14.7.  It  is  evident  that  operation 
without  auxiliary  plenum  chamber  suction  is  |3ossible  only  when  the  main 
wind  tunnel  drive  is  capable  of  producing  extraordinarily  large  pressure 
ratios. 

Operation  without  auxiliary  plenum  chamber  suction  is  very  unecon¬ 
omical  in  comparison  with  operation  with  a  modest  amount  of  suction 
(Fig.  14.7b).  For  a  test-section  Mach  numl^er  of  one,  580  h.p./ft^  of  test- 
section  area  are  required  to  maintain  the  flow  at  1-atm  stagnation  pressure 
and  520  R  stagnation  temperature;  this  value  is  reduced  to  320  h.p.  ft^ 
when  3  per  cent  auxiliary  suction  is  employed.  As  mentioned  before,  the 
most  economical  operation  from  the  standpoint  of  power  consumption  is 
obviously  obtained  when  very  large  amounts  of  auxiliary  suction  arc 
employed,  that  is,  w^hen  the  auxiliar>-  suction  horsepower  is  equal  to  or 
even  greater  than  the  main  drive  horsep)ower.  In  actual  practice,  however, 
the  amount  of  auxiliary  suction  applied  is  generally  only  slightly  larger  than 
the  minimum  required  to  prevent  choking  without  opening  the  flaps. 

Basically  similar  results  were  obtained  when  a  perforated  test  section  with 
33  per  cent  open-area  ratio  was  considered  (Fig.  14.8).  F.ven  with  a  flap 
opening  of  0.083//  and  a  tunnel  pressure  ratio  of  1.43,  it  was  not  possible 
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to  establish  Mach  number  one  flow  in  the  test  section  without  using  auxiliary 
plenum  chamber  suction.  With  the  flaps  closed  and  8  per  cent  suction  ap¬ 
plied,  the  Mach  number  one  flow  was  established  with  a  pressure  ratio  of 
only  1,16.  The  power  requirements  for  this  wall  with  its  unusually  large 


b.  Power  requirements. 

Fig.  14.7  Tunnel  pressure  ratio  and  power  requirements  for  perforated  test  section  with 
differettt  combinations  of  auxiliary  and  diffuser  suction  (22.5  per  cent  open^  in.  holes^ 
parallel  walls  (AEDC  1  ft  transonic  model  turmeP), 


open-area  ratio  are  nearly  twice  as  large  as  those  for  walls  of  22  per  cent 
open-area  ratio  (see  Fig.  14.8b).  Without  auxiliary  suction  it  should  have 
been  possible,  on  the  basis  of  extrapolation  of  the  experimental  curves,  to 
establish  Mach  number  one  flow  with  a  piower  consumption  of  approxim¬ 
ately  1200  h.p.;ft2  area.  If  8  per  cent  auxiliary  suction  were  employed,  the 
requirements  would  be  reduced  to  470  h.p./ft^  of  test-section  area.  While 
these  values  are  excessive  for  most  wind  tunnel  operation,  they  do  indicate 
the  great  superiority  of  auxiliary  plenum  chamber  suction  over  diffuser 
flap  suction. 

In  summary,  for  economical  operation  of  partially  open  wind  tunnels,  it 
is  considerably  more  advantageous  to  provide  the  necessary  amount  of 
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plenum  chamber  mass  flow  removal  by  means  of  an  auxiliary  compressor 
rather  than  by  using  the  diffuser  as  an  ejection  pump.  This  advantage  is 
due  mainly  to  the  fact  that  the  test-section  flow  passing  through  the  walls 
into  the  plenum  chamber  loses  its  kinetic  energy'  so  quickly  that  any  mass 
flow  from  the  plenum  chamber  into  the  diffuser  causes  an  increase  in  the 


b.  Power  requirements . 

Fig.  14.8.  Tunnel  pressure  ratio  and  power  requirements  for  perforated  test  section  with 
different  combinations  of  auxiliary  and  diffuser  suctions  {33  per  cent  open^  in,  holes^ 
parallel  walls)  {AEDC  I  fl  transonic  model  tunnel*). 

diffuser  inlet  l>oundary'  layer.  It  is  generally  advisable  to  apply  somewhat 
more  auxiliary  suction  than  the  minimum  required  to  avoid  choking  in  the 
subsonic  speed  range  or  to  establish  the  test-section  flow  in  the  supersonic 
range. 

3,  INFLUENCE  OF  WALL  SETTING  ON  POWER  REQUIREMENTS 
(PERFORATED  TEST  SECTIONS) 

The  results  presented  previously  regarding  the  tunnel  pressure  ratio  and 
jxjwer  requirements  of  transonic  wind  tunnels  were  obtained  using  test 
sections  with  parallel  wall  settings.  In  order  to  explore  the  effect  of  converged 
or  diverged  settings,  extensive  experimental  investigations  were  carried  out 
in  numerous  laboratories.  Some  results  of  the  experiments  conducted  in  the 
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AKDC  transonic  model  tunneH  are  presented  here  to  demonstrate  the 
magnitude  of  the  wall  setting  effect. 

The  tunnel  pressure  ratio,  as  a  function  of  auxiliary  suction  required  to 
establish  Mach  number  1.0  flow  in  a  transonic  test  section  with  perforated 
walls  having  a  22^  per  cent  open-area  ratio  in.  holes),  is  presented  in 
Fig.  14.9.  As  in  all  AEDG  experiments,  only  the  upper  and  lower  test-section 


Fio.  14.9.  Influence  of  wall  setting  on  tunnel  pressure  ratio  and  power  requirements 
{diffuser  flaps  closed)  at  M  —  I.O,  22.5  per  cent  of)en  f}erforated  wallsy  J  in.  hoUs^ 
top  and  bottom  walls  adjusted  {AEDC  1  ft  transonic  model  tunnel^). 

walls  wxrc  moved;  the  sidewalls  remained  parallel.  In  this  case,  Mach 
number  one  flow  was  established  without  auxiliary  plenum  chamber  suction 
(diffuser  flaps  closed)  when  the  walls  were  diverged  30'.  For  parallel  and 
30'  converged  w'all  settings,  auxiliary  suction  amounting  to  2.3  and  5.7  per 
cent,  respectively,  was  required.  As  expected,  the  tunnel  pressure  ratio  was 
decreased  when  the  auxiliary  suction  was  increased,  that  is,  when  the  wall 
boundary  layer  approaching  the  diffuser  was  thinned. 

When  the  results  obtained  for  tunnel  pressure  ratio  and  auxiliary  suction 
are  converted  into  power  requirements,  it  can  be  seen  that  the  total  power 
required,  including  both  main  and  auxiliary  compressor  power,  is  slightly 
decreased  when  wall  suction  is  applied  (see  Fig.  14.9).  With  larger  amounts 
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of  suction,  the  curves  for  all  three  wall  settings  converged  into  a  common 
line. 

From  these  results,  which  are  t^^ical  of  the  conditions  occurring  in 
perforated  test  sections,  it  may  be  concluded  that  total  power  requirements 
are  only  slightly  influenced  by  the  wall  setting.  Only  a  small  reduction  in 
total  power  is  experienced  when  the  setting  is  changed  from  the  diverged 
to  the  converged  configuration.  The  main  difference  is  the  amount  of 
auxiliary  suction  required  to  establish  the  desired  test-section  Mach  number. 
Thus,  if  sufficient  capacity  were  not  available  in  the  auxiliary  compressors, 
it  might  be  necessary  to  select  a  less  converged  or  even  somewhat  diverged 
wall  setting  in  order  to  establish  the  desired  flow.  However,  when  boundary 
layer  thickness  along  the  walls  is  considered  as  a  function  of  the  wall  setting, 
it  must  be  remembered  that  an  effective  uniform  thinning  of  the  wall 
boundary  layer  is  accomplished  only  by  proper  convergence  of  the  walls. 
Consequently,  the  more  converged  wall  settings  are  generally  superior  for 
transonic  testing  from  the  viewpoint  of  consistent  wall  cross-flow  charac¬ 
teristics  and  proper  shock-wave  cancellation  characteristics  (see  Chapters 
8  and  1 1). 
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4.  INFLUENCE  OF  WALL  GEOMETRY  (PERFORATED  WALLS) 
a.  Variation  of  open-area  ratio 

According  to  the  results  reported  in  Chapter  12,  the  open-area  ratio  of  a 
perforated  wall  is  one  of  the  most  significant  parameters  since  it  influences 
both  the  lx)undary  layer  thickness  and,  as  a  consequence,  the  suction  and 
power  required  to  ojjcrate  the  wind  tunnel.  In  experiments  conducted  in 
the  AEDC  transonic  model  tunnel  perforated  walls  with  o|:>en-area  ratios 
ranging  between  5,2  and  33  per  cent  (Ref.  4)  were  used.  Some  significant 
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Fig.  14.1 1.  Influence  of  open-area  ratio  of  perforated  walls  on  tunnel  pressure  ratio  and 
power  requirements  at  M  ^  L20  (diffuser  flaps  closed,  |V  in.  holes,  parallel  walls) 
(AEDC  I  ft  transonic  wind  tunnel^), 

results  on  establishment  of  Mach  number  one  flow  in  the  test  section  arc 
presented  in  Fig.  14.10.  In  these  experiments  the  walls  were  set  parallel,  and 
the  diffuser  flaps  were  closed.  An  increase  in  the  open-area  ratio  greatly 
increased  the  auxiliary  suction  requirements  and  the  necessary  tunnel 
pressure  ratio.  The  points  of  optimum  suction,  correspK>nding  to  the  oper¬ 
ating  conditions  at  which  uniform  Mach  one  flow  was  established  over  the 
entire  test  section,  arc  indicated  in  the  graph.  When  the  tunnel  pressure 
ratio  results  were  converted  into  power  requirements  (Fig.  14.10),  it  was 
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evident  that  the  open-area  ratios  of  test  sections  in  transonic  wind  tunnels 
must  be  kept  as  small  as  possible  while  remaining  compatible  with  the 
requirements  for  interference-free  flow. 

The  same  results  can  also  be  shown  for  flow  establishment  at  Mach 
number  1.20  (Fig.  14.11).  At  this  Mach  number,  both  tunnel  pressure 
ratio  and  suction  requirements  increased  rapidly  with  increasing  open-area 
ratio.  It  should  be  noted  that  in  this  case  a  sonic  nozzle  was  used  to  establish 
the  desired  Mach  number  flow;  as  a  result  auxiliary  suction  was  needed  to 
to  satisfy  both  the  requirement  for  boundary'  layer  removal  and  the  addi¬ 
tional  requirement  for  establishment  of  supersonic  flow. 

b.  Variation  of  hole  size  in  perforated  walls 

In  previous  sections  it  has  been  demonstrated  that  wall  characteristics 
depend  not  only  upon  the  geometric  open-area  ratio  of  the  wall  but  also 
upon  the  hole  size  itself,  that  is,  on  the  ratio  of  hole  diameter  to  the  displace¬ 
ment  thickness  of  the  boundary  layer.  Because  of  this  influence  of  hole  size, 
the  requirements  for  auxiliary  suction  and  tunnel  pressure  ratio  are  also 
influenced  by  the  relatwe  hole  size,  as  shown  in  Fig.  14.12  (Ref.  4).  At  lK)th 


Fig.  14.12.  Influence  of  hole  size  of  perforated  walls  on  tunnel  pressure  ratio  and  poiver 
requirements  at  M  **  LO  and  1,2  (Diffuser  flaps  closed,  22.5  per  cent  open  walls, 
parallel  walls)  (AEDC  1  ft  transonic  model  tunnel*). 
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the  Mach  number  1.0  and  1.2  conditions,  suction  and  tunnel  pressure  ratio 
requirements  were  considerably  reduced  in  the  case  of  the  walls  with  the 
larger  holes.  Consequently,  when  power  requirements  are  considered,  as 
large  a  hole  diameter  should  be  selected  as  is  compatible  w'ith  the  intensity 
of  the  small  supersonic  waves  produced  bv  the  individual  holes  (see  Chapters 
8  and  13). 

5.  INFLUENCE  OF  MODEL  SIZE  (PERFORATED  TEST  SECTION) 
Models  of  rotational  symmetry  with  1,  3  and  5  per  cent  blockage  were  in¬ 
stalled  in  the  same  perforated  test  sections  discussed  previously  (AFU)C 
transonic  mfxlel  tunnel  experiments).  Since  these  models  produce  disturb¬ 
ances  which  cause  part  of  the  test-section  flow  to  cross  the  [perforated  walls 
and  enter  the  plenum  chamlper,  it  is  apparent  that  l>oth  auxiliary  suction 
and  tunnel  power  requirements  must  increase  Ipccause  of  the  thicker  bound¬ 
ary*  layer  approaching  the  diffuser.  Some  representative  data  showing  the 
influence  of  a  model  in  a  perforated  test  section  equipped  with  a  22i  per 
cent  open-area  ratio  (j  in,  holes)  are  presented  in  Fig.  14.13  for  Mach 
number  one. 


Fig.  14.13.  Injluetice  of  model  size  on  pressure  ratio  and  suction  requirements  of  perfor¬ 
ated  wind  tunnel  at  M  **  I.O  (22,5  per  cent  open  walls ^  \  in.  holes,  parallel  walls) 
(AEDC  I  ft  transonic  model  tunneh). 

The  expected  effects  are  clearly  evident.  However,  note  that  a  5  per  cent 
blockage  model  increased  the  minimum  auxiliary  suction  requirement  by 
only  approximately  1.5  per  cent  of  the  test-section  ma.ss  flow,  my.  Since  at 
Mach  number  one,  the  amount  of  air  which  must  enter  the  plenum  chamber 
corresponds  to  the  blockage  of  the  model,  this  increase  of  only  1.5  per  cent 
in  auxiliary  suction  (instead  of  the  5  per  cent  which  corresponds  to  the 
percentage  of  model  blockage)  is  an  indication  of  the  fact  that  the  wall 
boundary  layer  has  been  accelerated  to  velocities  having  greater  flow 
density.  This  fact  accounts  for  part  of  the  observed  difference.  Moreover, 
part  of  the  air  which  enters  the  plenum  chaml)er  in  the  area  of  the  maximum 
cross  section  of  the  model  re-enters  the  test  section  in  the  downstream 
portion  and  relieves  the  requirement  for  mass  flow  removal.  However,  this 
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re-entry  causes  the  wall  boundary  layer  in  the  downstream  region  of  the 
test  section  to  thicken  and,  consequently,  the  tunnel  pressure  ratio  to  increase 
in  spite  of  the  increased  plenum  chamber  mass  flow  removal  (sec  Fig.  14.13). 

6.  COMPARISON  OF  PERFORATED  TEST  SECTIONS  EQUIPPED 
WITH  SONIC  AND  SUPERSONIC  NOZZLES 
As  discussed  previously,  supersonic  Mach  numbers  can  be  established  in 
partially  open  test  sections  either  by  using  a  sonic  nozzle  in  conjunction  w'ith 
auxiliary  suction  or  by  using  a  conventional  supersonic  nozzle  preceding 
the  partially  open  test  section.  At  low  supersonic  Mach  numbers  no  great 
difference  is  expected  in  the  power  requirements  of  the  two  methods  of 
operation  since  only  small  amounts  of  mass  flow  removal  arc  required  to 
establish  the  desired  Mach  numl>er.  At  higher  Mach  numl>crs,  for  instance, 
at  Mach  numbers  in  excess  of  1 .20,  the  mass  flow  removals  required  for  flow 
establishment  with  a  sonic  nozzle  grow  rapidly  and  cause  a  proportional 
increase  in  the  auxiliary  power  required  of  the  auxiliary  suction  compressor. 
In  the  latter  case,  the  power  increase  is  due  mainly  to  the  fact  that  the  sonic 
throat  of  the  wind  tunnel  must  accommodate  a  noticeably  larger  airflow 


Fio.  14.14.  Tunnel  pressure  ratio  and  power  requirements  for  perforated  test  sections 
with  sonic  and  supersonic  nozzles  at  M  «=  L20  {diffuser  flaps  closed ^  6  per  cent  open 
inclined  holes  ^  parallel  walls)  {AEDC  I  ft  transonic  model  tunnel^), 
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than  the  test  section  and  that  the  mass  flow  loses  its  entire  kinetic  energy 
after  entry  into  the  plenum  chamber  (see  Chapter  13). 

Some  tvpical  test  results  obtained  in  the  AEDC  transonic  model  tunnel 
at  Mach  number  1.20  with  perforated  walls  (inclined  holes  with  a  6  per  cent 
open-area  ratio)  arc  presented  in  Fig.  14.14  for  configurations  having  either 
a  sonic  nozzle  or  a  flexible  supersonic  nozzle.  At  this  Mach  number,  tunnel 
pressure  ratio  and  total  power  input  per  unit  test-section  area  were  not  too 
different  for  the  two  modes  of  operation.  The  main  difference  was  the 
greatly  increased  requirement  for  mass  flow  removal  in  the  case  of  the  test 
section  having  a  sonic  nozzle.  The  choice  between  the  two  configurations 
will  thus  depend  largely  up)on  the  specific  layout  of  each  individual  wind 
tunnel.  If  Mach  number  must  !)e  increased  without  changing  the  power  or 
the  compressor  configuration  of  the  /nain  drive  system,  it  is  usually  advan¬ 
tageous  to  install  an  auxiliary  suction  system  or  to  increase  its  capacity.  On 
the  other  hand,  if  a  tunnel  is  equipped  with  a  supersonic  nozzle  and  the 
main  drive  power  of  the  tunnel  can  be  increased,  optimum  conditions  will 
usually  be  established  by  an  increase  in  the  power  of  the  main  compressor 
and  a  moderate  change  in  the  auxiliary  suction. 

As  noted  previously,  results  cited  for  sonic  and  supersonic  nozzle  operation 
are  valid  only  for  comparatively  low  supersonic  Mach  numbers,  as  can  be 
seen  from  the  results  obtained  for  test-section  Mach  numbers  between  0.8 
and  1.46  (see  Fig.  14.15).  In  this  figure  the  conditions  for  optimum  operation 
arc  again  indicated  and  a  drastic  difference  is  evident  between  the  trends  of 
the  mass  flow  removal  curves  for  sonic  and  supersonic  nozzles.  The  difference 
in  the  auxiliary  suction  is  reflected  in  the  trend  of  the  total  power  required 
for  operation  with  sonic  or  supersonic  nozzles  (sec  Fig.  14.15). 

In  summary,  it  may  be  stated  that  for  Mach  numl>crs  up  to  1.2,  operation 
with  a  sonic  nozzle  is  not  particularly  detrimental  from  the  standpoint  of 
total  power  requirements  if  provisions  are  made  for  moderate  amounts  of 
mass  flow  removal.  At  Mach  numbers  in  excess  of  1.2,  the  power  require¬ 
ments  of  wind  tunnels  having  sonic  nozzles  increase  rapidly,  as  do  the  ex¬ 
tremely  large  requirements  for  auxiliary  suction.  Consequently,  in  this  high 
supersonic  Mach  number  range,  significant  savings  in  total  power  require¬ 
ments  can  be  achieved  when  sup>crsonic  nozzles  are  used  preceding  the  test 
section. 

7.  POWER  REQUIREMENTS  OF  WIND  TUNNELS  WITH  SLOTTED 

TEST  SECTIONS 

a.  Tunnel  pressure  ratio  as  a  function  of  plenum  chamber  mass  flow  removal 

Relationships  similar  to  those  noted  for  perforated  test  sections  also  hold 
true  for  slotted  test  sections.  It  is  possible  to  establish  the  desired  Mach  num¬ 
ber  in  a  slotted  lest  section  using  different  combinations  of  main  drive 
pressure  boost  and  mass  flow  removal  from  the  plenum  chamber.  It  is  also 
possible,  as  in  perforated  test  sections,  to  accomplish  the  mass  flow'  removal 
from  the  plenum  chamber  by  means  of  re-entry  flaps,  that  is,  by  diffuser 
suction  using  the  main  flow  as  an  ejector  pump  or  by  means  of  a  separate 
auxiliary  compressor.  Both  of  these  methods  of  operation  were  explored 
briefly  in  tests  conducted  in  the  .\EDC  transonic  model  tunnel .5 
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Fig.  14.15.  Auxiliary  suction^  tunnel  pressure  ratioy  and  tunnel  power  requirements  for 
perforated  test  sections  with  sonic  and  supersonic  nozzles  at  various  Alack  numbers  for 
optimum  operating  conditions  (6  per  cent  open,  inclined  holes^  parallel  walLsy  diffuser  flaps 
closed)  {AEDC  I  ft  transonic  model  tunnel^). 


Fio.  14.16.  Power  requirements  and  auxiliary  mass  flow  of  slotted  test  section  for  various 
Afach  numbers  {sixteen  slots y  11  per  cent  open,  diffuser  flaps  closed) 

{AEDC  I  ft  transonic  model  tunneP). 


POWtR  REQriREMENTS  OF  TRANSONIC  WIND  TUNNELS 

Some  results  showing  the  relationship  between  power  requirements  and 
auxiliary  mass  flow  removal  are  presented  in  Fig.  14.16  for  a  typical  slotted 
test  section  having  sixteen  slots,  1 1  per  cent  open-area  ratio,  and  a  length  of 
the  slotted  test  section  three  times  the  tunnel  height.  As  in  the  case  of  the 
perforated  test  sections,  a  minimum  amount  of  auxiliary  mass  flow  removal 
is  required  for  each  Mach  number  above  0.8  when  the  diffuser  flaps  are 
closed.  Increase  of  the  mass  flow  removal  beyond  this  minimum  value 
results  in  a  rapid  decrease  in  the  total  power  requirements  until  the  minimum 
power  conditions  are  finally  reached  at  large  auxiliary'  mass  flow  removal. 


Fig.  14.17.  influence  of  diffuser  flap  opening  on  ftoiver  requiretnetits  of  slotted  test  section 
at  M  1.0  {sixteen  slots ,  1 1  per  cent  open^  parallel  walls) 

{AEDC  1  ft  trcmsonic  model  tunnel^). 


'Fhis  latter  condition  corresponds  approximately  to  an  equal  power  input 
from  both  the  main  drive  and  the  auxiliary  compressor.  However,  it  should 
be  noted  that  this  test  section  was  not  equipped  with  a  supersonic  nozzle 
preceding  the  test  section  and  that  supersonic  flow  was  established  by  mass 
flow  removal  from  the  test  section.  It  is  remarkable  that  with  a  reasonable 
amount  of  mass  flow  removal,  the  Mach  number  range  between  0.9  and  1.2 
can  be  covered  using  the  same  pressure  boost  from  the  main  drive  compressor, 
that  is,  with  a  pressure  ratio  of  1.15.  This  fact  represents  a  large  advantage 
in  the  design  of  main  drive  compressors.  However,  in  such  cases,  considerably 
larger  mass  flows  must  be  handled  by  the  auxiliary  compressors. 

If  no  auxiliary  compressor  is  available  for  ma.ss  flow  removal  from  the 
plenum  chamber,  openings  in  the  diffuser  (i.e.  diffuser  inlets  with  re-entry 
flaps)  must  be  provided  to  avoid  choking  or  to  establish  a  supersonic  Mach 
number.  Results  obtained  in  the  AEDC  model  tunnel  using  re-entry  flaps 
similar  to  those  described  previously  for  the  tests  in  perforated  test  sections 
(see  Fig.  14.3)  are  presented  in  Fig.  14.17  for  Mach  number  one.  Mach 
number  one  flow  was  established  in  the  test  section  without  auxiliary  mass 
flow'  removal  using  flap  openings  equal  to  3.2  and  4.2  per  cent  of  the  tunnel 
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height.  However,  with  these  flap  op)enings,  it  was  necessary  to  provide  a 
tunnel  pressure  ratio  of  1.24  compared  with  the  ratio  of  1.15  required 
when  minimum  auxiliary*  mass  flow  removal  was  provided  and  the  diffuser 
flaps  were  kept  closed.  Also,  the  total  power  requirements  were  increased 
approximately  25  per  cent  when  diffuser  suction,  instead  of  minimum 
auxiliary  suction,  was  provided  in  conjunction  with  the  closed  flaps. 

In  summary,  in  slotted  test  sections,  as  in  perforated  test  sections,  consid¬ 
erable  savings  in  total  power  can  be  realized  when  adequate  mass  flow 
removal  from  the  plenum  chamber  is  provided  by  auxiliary  compressors. 
Diffuser  re-entry  flaps  are  advantageous  only  when  equipment  limitations 
make  it  impossible  to  establish  the  desired  Mach  number  flow  by  any  other 
means. 

b.  Influence  of  re-entry  flap  configuation 

On  numerous  previous  occasions  it  has  been  mentioned  that  diffuser 
losses  can  become  extremely  large  when  air  from  the  plenum  chamber  is 
sucked  into  the  upstream  portion  of  the  diffuser  where  it  thickens  the 
boundary  layer  and  thus  greatly  reduces  the  available  pressure  recovery 
(sec  Section  2a  of  this  chapter).  Consequently,  all  wind  tunnels  which 
operate  without  the  use  of  auxiliary  suction  compressors  have  been  exten¬ 
sively  investigated  in  order  to  arrange  the  re-entr\’  of  air  into  the  diffuser 
as  efficiently  as  possible.  Experiments  conducted  in  the  NACA  Langley 
8  ft  high-speed  wind  tunnel®  are  cited  as  a  typical  example  of  such  a  study. 

The  8  ft  Langley  wdnd  tunnel  is  equipped  with  twelve  longitudinal  slots 
having  a  maximum  total  open-area  ratio  of  approximately  1 1  per  cent. 
Initially  the  tunnel  had  re-entry  inlets  (shown  schematically  in  Fig.  14. 18a). 


Fig.  14.18.  Various  re-entry  slot  shapes  of  NACA  8  ft  wind  tunnel.^ 
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The  nose  of  the  re-entry  fairings  was  located  at  0.18  per  cent  of  the  tunnel 
diameter  behind  the  test-section  end.  Behind  the  slots,  the  diffuser  flow  was 
practically  unguided  over  a  considerable  length  of  the  difluscr.  After  exten¬ 
sive  and  detailed  flow  studies,  another  re-entry  shape  was  developed  which 
provided  l>cttcr  guidance  for  the  re-entry  flow  and  improved  the  diffuser 
efficiency  (see  hig.  14.18b).  Though  the  flow  in  the  test  section  proper  was 
not  greatly  influenced  by  the  change  in  shape  of  the  re-entry  nose,  an 
essential  reduction  in  the  power  requirements  was  obtained  (see  Fig.  J4.19). 


Fio.  14.19.  Pou^  requirements  for  NACA  8  ft  slotUd  wind  tunnel  with  different 

re-entry  slot  shapes.^ 


When  the  power  data  from  these  tests  arc  compared  with  the  data  obtained 
from  other  test  sections,  it  should  be  remcml>ercd  that  the  length  of  the 
slotted  test  section  in  the  NACA  experiments  was  approximately  1.25  the 
test-section  diameter.  The  length  of  the  perforated  test  section  of  the  AEDG 
model  tunnel  (Figs.  14.16  and  14.17)  was  three  times  the  height  of  the  test 
section. 

When  transonic  or  supersonic  flow  is  to  be  established  in  a  test  section  by 
difluscr  suction,  the  re-entry  air  must  not  only  flow  smoothly  into  the 
difluscr  but  suflicient  open  area  must  also  be  provided  at  the  minimum 
cross  section  of  the  diffuser  to  avoid  choking  of  the  flow.  When  diffuser 
flaps  are  used  this  minimum  cross  section  is  usually  located  near  the  down¬ 
stream  end  of  the  re-entry  flaps.  Consequently,  the  higher  the  Mach  number 
desired  in  the  test  section,  the  further  downstream  in  the  diffuser  arc  the 
re-entry  flaps  located.  A  large  number  of  systematic  experiments  have  been 
carried  out  by  the  Boeing  Co.  to  develop  suitable  transonic  wind  tunnel 
re-entry  flaps.  The  slot  shape  and  re-entry  flaps  used  for  the  Langley  test 
series  just  cited  were  designed  to  establish  a  maximum  Mach  number  of  1.14 
in  the  test  section.  Since  Mach  numbers  of  at  least  1.25  were  desired  in  the 
Boeing  wind  tunnel,  arrangements  other  than  the  rigid  two-position  config¬ 
urations  of  the  NACA  re-entry  shapes  were  explored.  Diffuser  re-entry 
flaps  which  could  be  rotated  around  their  downstream  end  were  therefore 
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provided.2.7  With  these  remotely  controllable  flaps,  the  test-section  Mach 
number  could  be  changed  either  by  controlling  the  power  input  to  the  main 
tunnel  compressor  or  by  adjusting  the  setting  of  the  re-entry  flaps. 

Some  typical  results  obtained  with  the  new  re-entry  flaps  are  shown  in 
Fig.  14.20.  In  these  tests,  the  opening  of  the  flaps  was  kept  constant  (equal 


.9  1.0  l.l  1.2  1.3 


Fig.  14.20.  Compressor  power  requirements  of  slotted  wind  tunnel  with  different  diffuser 
flap  configurations  {flaps  open  at  four  walls^  sixteen  slots,  lU  per  cent  open,  no 
auxiliary  suction)  {Boeing  {4.8  x  7,2  in,)  x  9  in.  wind  tunneP). 

to  0.092  times  the  wind  tunnel  height),  and  only  the  location  of  the  down¬ 
stream  hinge  point  of  the  flaps  was  varied.  By  shifting  the  hinge  point 
further  downstream  into  the  diffuser  better  guidance  of  the  flow  into  the 
diffuser  was  accomplished  and  a  larger  minimum  diffuser  area  was  provided 
at  the  flap  inlet.  As  expected,  the  downstream  location  of  the  hinge  points 
provided  the  larger  Mach  numbers  desired,  that  is,  choking  in  the  diffuser 
was  effectively  delayed.  At  the  extreme  downstream  position  (station 
X  =  approximately  one  times  the  mean  height  of  the  wind  tunnel),  a 
maximum  Mach  number  somewhat  in  excess  of  1.26  was  established. 
Mach  number  range  was  limited  only  by  the  available  pxDwer  supply  of  the 
drive  sv'stem.  On  the  other  hand,  in  the  speed  region  where  choking  of  the 

376 


POWER  REQUIREMENTS  OF  TRANSONIC  WIND  TUNNELS 

diffuser  is  not  a  problem  (at  Mach  numbers  below  1.10  for  the  flaps  investi¬ 
gated),  the  power  requirements  for  operation  with  all  three  Boeing  flaps 
differed  only  slightly. 

It  must  again  l>c  emphasized  that  the  power  requirement  data  presented 
in  Kig.  14.20  for  the  Boeing  investigation  were  obtained  in  a  wind  tunnel 
which  had  a  slotted  test  section  approximately  1.5  times  the  mean  height 
of  the  tunnel.  'Fhcrelbre,  before  comparisons  can  be  made,  the  effect  of  this 
length-to-height  parameter  should  be  evaluated.  To  this  end  a  study  of  a 
ty’pical  loss  distribution  in  the  Boeing  model  wind  tunnel**  is  cited  here.  As 
the  loss  survey  of  the  model  tunnel  indicates,  the  return  duct  losses,  that  is, 
the  losses  between  the  diffuser  downstream  end  and  the  inlet  to  the  test 
section,  amount  to  only  18  per  cent  of  the  total  losses  (Fig.  14.21).  The 


TOTAL  LOSSES-  100.0  % 


Fig.  14.21.  Loss  distribution  in  slotted  test  section  with  re-entry  Jhips  at  A/  =  1.25 
(flaps  open  at  four  walls,  sixteen  slats,  11.6  per  cent  open^  no  auxiliary  suction) 
(Boeing  (4.8  x  7.2  in.)  x  .9  in.  model  tunnel'^). 


remainder  were  produced  in  the  test  section,  the  exit  flap  area,  and  the 
diffuser,  and  amounted  to  82  per  cent  of  the  total  tunnel  losses.  Thus  an 
increase  in  test-section  length  affects  the  direct  test-section  losses  (34  per 
cent  in  the  cited  example),  causes  growth  of  the  boundary  layer  and  increases 
the  requirement  for  re-entry  mass  flow  into  the  plenum  chamber,  and  in¬ 
creases  the  exit  flap  losses  and  the  diffuser  losses.  Obviously  comparisons  of 
various  wind  tunnels  can  be  made  only  when  due  consideration  is  given  the 
length-height  ratio  of  the  test  sections. 
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8.  FULL-SCALK  WIND  TUNNELS 
a.  Comparison  bettceen  full-scale  and  model  tunnels 

The  power  requirement  data  presented  earlier  for  the  Langley  8  ft 
slotted  wind  tunnel  of  the  XACA  (see  Figs.  14.18  and  14.19)  are  re-plotted 
in  Fig.  14.22  w^ith  other  data  obtained  from  the  NACA  16  ft  slotted  tran¬ 
sonic  wind  tunnel®  and  a  slotted  model  tunnel  1  ft  in  diameter.^®  These 


Fio.  14.22.  Power  requirements  for  various  NACA  slotted  wind  tunnels  without 

auxiliary  suction.* 


wind  tunnels  have  similar  test  sections  with  maximum  open-area  ratios 
ranging  between  11  and  12  per  cent.  They  differ  somewhat  in  the  shape 
of  the  diffuser  re-entry  openings  but  extensive  investigations  have  been  made 
to  determine  the  optimum  re-entry  shapes  for  both  the  8  and  16  ft  tunnels. 
A  comparison  of  these  two  full-scale  tunnels  indicates  a  slight  advantage 
for  the  larger  wind  tunnel,  which  is  probably  caused  by  the  difference  in 
scale.  Also  the  power  curves  for  the  model  wind  tunnel  deviate  considerably 
from  the  curves  for  the  full-scale  tunnels.  Even  though  the  simple  diffuser 
openings  of  the  model  tunnel  were  not  optimized  and  the  test-section  slots 
had  a  plain  rectangular  shape,  it  is  believed  that  a  considerable  scale  effect 
is  indicated  by  the  noted  deviation  of  the  model  power  curves.  Howevw, 
the  general  trend  of  the  power  requirements  and  the  signihcance  of  devices 
designed  to  alleviate  choking  are  correctly  reflected  by  the  small-scale 
model  data. 

Another  comparison  between  the  power  requirements  for  model  and 
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full-scale  tunnels  was  ]X)ssible  for  the  AKDC  transonic  wind  tunneUbi  and 
the  AEDC  transonic  model  tunnel.  Both  wind  tunnels  were  equipped  with 
inclined-hole  p>erforated  walls.  The  full-scale  wind  tunnel  power  curves  arc 
presented  in  Fig.  14.23  for  both  minimum  and  maximum  auxiliary  suction. 
At  the  time  these  tests  were  made  the  auxiliary  suction  equipment  in  the 
full-scale  wind  tunnel  had  a  maximum  capacity  of  5  per  cent  removal  at 
Mach  numl>cr  I.O.  During  the  full-scale  tests  the  supersonic  nozzle  preceding 
the  test  section  was  set  at  the  proper  value,  and  the  re-entry  flaps  were 


Fkj.  14.23.  PoitJtr  requirements  for  full-scale  16 ft  and  model  1  ft  transonic  wind 
tunnels  of  AEDC  (inclined  holes,  6  per  cent  open,  parallel  walls), 

closed.  Data  from  similar  tests  in  the  AEDC'  1  ft  transonic  model  tunnel 
were  selected  near  the  optimum  operating  point,  that  is,  at  auxiliary  suction 
values  somewhat  larger  than  the  minimum  values  required.  Then,  in  order 
to  facilitate  comparison,  the  model  tunnel  data  w'ere  converted  into  shaft 
horsepower  data  by  assuming  a  compressor  efficiency  of  ?/  =  0.90.  .\lso 
the  losses  in  the  return  duct  of  the  model  tunnel  were  introduced  additivcly 
as  an  estimated  20  per  cent  of  the  total  losses  at  Mach  one  and  were  assumed 
to  remain  constant  through  the  Mach  number  range.  The  comparison  of 
the  model  tunnel  and  full-scale  tunnel  data  indicates  that  the  trend  of  the 
power  curves  is  correctly  predicted  by  the  model  tunnel  results.  However, 
the  numerical  values  of  the  losses  in  the  model  tunnel  are  larger  than  those 
of  the  full-scale  tunnel. 
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b.  Full-scale  wind  tunnels 

The  main  shaft  horscfx>wcr  requirements  of  several  full-scale  wind  tunnels 
with  partially  open  test  sections  arc  presented  in  Fig,  14.24.*  The  8  ft  and 
16  ft  NACA  Langley  wind  tunnels  were  selected  as  typical  “slotted  test- 
section”  wind  tunnels;  the  AEDC  16  ft  propulsion  wind  tunnel  and  the 
British  ARA  9  x  8  ft  wind  tunnel  arc  shown  as  examples  of  perforated  test- 
section  tunnels.  Data  from  the  slotted  wind  tunnels  and  the  British  perforated 
wind  tunnel  indicate  that  the  power  requirements  of  these  tunnels  have 


Fig.  14.24.  Main  drive  power  requirements  for  various  full-scale  wind  tunnels, 
AEDC  16 ft  transonic  wind  tunnel:  L  *■  2j8x 

NACA  8  ft  wind  tunnel:  L  ^  LI  xZ),* 

NACA  16 ft  wind  tunnel:  L  *  1.4  y,  D,* 

ARA  9x8 ft  wind  tunnel:  L  *  1.4  x 
NACA  8 ft  closed  wind  tunnel:  L  ^  1.25  x  D/ 

(L  =  test-section  length;  H,  D  ^  test-section  height  or  diameter). 


approximately  the  same  magnitude.  Therefore,  since  the  open-area  ratio  of 
the  walls  of  these  tunnels  was  selected  to  provide  interference-free  charac¬ 
teristics  and  the  test  sections  had  approximately  the  same  relative  length 
(1.1  to  1.4  times  the  height  of  the  tunnel) ,  it  may  be  concluded  that  perforated 
and  slotted  wind  tunnels  do  not  exhibit  signiHcant  differences  in  their  power  ^ 
requirements.  However,  the  data  presented  on  the  same  graph  for  a  closed 
wind  tunnel  having  the  same  overall  geometry  as  the  8  ft  NACA  wind 

•  The  test-section  length,  L,  indicated  in  Fig.  14.24  is  the  axial  extent  of  the  test 
section  exhibiting  satisfactory  uniform  velocity  distribution. 


380 


*t;%i  ‘oi-cs-^i.L-oaav  ..-^izzon  ^  ^ou 

-junfuoi^)  Ul  uoipo^  )KJ  ll^M  P«>i«JOJJOJ  niOD  jod  B  JO 

:  j  Jtnsqj-  suon3.x;  isoj^  diuosubjj  jo  suonB8ns;>Aui  puunj^  pu!M»»  ’T  *A\  gi 

*K6l  ‘^unr‘tt^g->i  i-3aHV  u 

P'*!A\  -ipiosuBj  j  III  o.oudJdjjJiui  11^^  pu«  iUQUiqsi|qt3)s%{  mo|j„  ’jq  ‘x^aHxaofjsj 

*6^61 

‘Aj«nu«r  7r)-8^-N:d-::)aHV  u‘siI«M  P^)«JoJJ«M 

IPd  ®  MMM  3!uosu«JX  JJ  91  .I.Md  S  H  '’•^*0  11 

W6I  J-xioMo  ‘QOfei  Nd  VOVN 

,/suon.>^S  P^*!M  >!«osubj^  \^0VN».  *0  'A  *H  H  ‘J-hoih^qi 

2561  ‘^Pr‘!03?;?l  IKH  VOVN 

o;j^  jw  pauo|^'  qjiM  puun  j  jiuoku^jj^  y  91  A.>|5iluT!q  ^qj  jo  sDijsiJOjoBj^q^ 

JJMOjJ  pUB  MOIJ  -Q  'Nosuvaj  pUB  ‘J  ‘Q  ‘OWODXIH^W  **f)  \V\  ‘a>IV^\  6 

*IGGI  ‘61  ‘t{;6ll-a  “<>0  -Juuidjiy  amoog  ./g^  i  jo  a^uinx  qjBj^ 

B  }%i  |ouu!\L  P^!M  •>?uosuBjj^  I'^pojX  s^oq  jo  iiounqiJisiQ,,  ’j  •('  ‘aNHOHSo  « 
'Z^6\  ‘AjBHjqoj  ‘gseil  n  ‘  oo  oiiBitUiv  a’moofl  ,,*1561 
01  i9(i|  junf  :n  loA  ‘(BHI  .LAXH)  P“U”L  P«!A\  i<UKK)e  jqi  Joj  uopjos  js^x 
DIUOSUBJX  «  JO  lU«>ludo|JAO(I  no  uodj^l  SSOjSJoJJ,,  *H  ‘AMD37  pUB  ‘J  *f  *HK>lOaSQ  i 

*1^61  ‘81  J->qo)30  ‘0IHI51  I\>I 
VOVM  U  8  Ao|8uir]  jqi  ui  s^Kicq^*  io|^  snouB  \  qiiM 

uonjj^'  IK.1J  JiuosuBJX  «  JO  sjnsiJ4)JBjBq3,,  •§  ‘aiiioxi^j  puB  -yi  •>{  ‘xhoim\\  » 

‘.‘,•61  ‘^enjqoj  ‘ES-K-MX-lXiaV 
^/o|zzo]s^j  oiuo^'  B  qjiM  uonDunfuo^  ui  uoiuj^  jKix  II^AV'P^^'^IS  ^J®  'III 

.>sBqj -5110113^  ^fnosuBJx  JO  suonnSnsoAui  puunx  poiA\,»  ‘O  ‘H  ‘N^Tiy  5 

’5561  OQHV  -^loo^’  ^  MIP'  uonounfuo^ 

Ul  suoiiDo^'  is^x  Il^A\*P^^^-*qM-*tI  J^  sqnso>|  jo  uosiJBduiojj  :n 

;>sBqj| — SUOU30S  iwj^  jiuosubjx  Jo  suoijB5jusJAU|  puunx  poi,W„  *T  *A\  ^ 

•g^6I  -J^quiaaaG  ‘6^-^^-NJ.  OaHV  «  «(FM  p^iwojjjj  jo 
sdDBjjn^  iion:)«>S*)HL  P^®  uimio|^|  pip  jBofsj  s,dlijoj(i  pBojj  ib)ox„  ’"I  *\\  e 

*l€6I  ‘S56Il-a 

‘•03  ^uB|djiY  >jiii.x>(|  ,j*|  •|o^\  ‘puunx  pui^  Kiii.k)^!  oqj  joj  uon^«>S' 
oiuosiiBj|  JO  iiuuj(Io|.>A.)Q  uo  ijod^x  ssojSiojj,,  ’H  ‘a>io37  puB  ']  s^wv(’ ‘aN>ioaso  j 

W>1 

‘A|nJ'  ‘jojujjj  iiiouidopAaG  J^uujjuiJBux  pioujy  „‘*I»>uoox  poi.w  pojBjojjjj 
puB  |>-^1)0|S’  uj  Kiu.)ui.iJinb.)X  JOMOj  puB  luouiqsqqBjrj  vioi.!,,  ^  ‘H  ‘>i-iiNao>iVfj  i 

traDNaaaaaH 


•jno  oujcK] 

oi\  oj  siuDOs  s(3uiin)  piijM  p^nop  puB  pojBJojjad  JO  s)UduidjinbQj  JD.wod 
dq)  UI  )S|Xd  sQDuojjpip  lUBDqiu^is  ou  )Bq)  suoisn|aiioa  snoiA^jd  dq)  ‘piiuru 
puiA\  y  91  f)Cl;IV  sajinBaj  (Bnsnun  asaqj  joj  ^pBui  3jb  s33uh,v\ohk 

jddojd  U3q  w  *j;>|ooj  b  puB  j^snjqip  aqi  ui  dooas  SuiSu^abds  d>IJB| 

B  SB  qons  ^ui)s^)  uois|ndojd  ;i>|B3S-||nj  quiJdd  o)  suou^I{B)siii  (BiDods  sBq 
pliuru  pUlM  0Q;JV  ‘UOpippB  UJ  *3SB3JJIII  J3A\od  3qi  JO  UOUJOd  Jd)B9Jh‘ 
9qi  JOJ  lunojDB  O)  p9A9ipq  SI  9DU9J9j9ip  siqx  *spuunj  j9qjo  9qj  joj  /y^’py  ^y/ 
s^uitj  j7*i  oj  1*1  ApiBUiixojddB  sqi!F^u9{  qjiM  pojBduioD  puuru  9qi  jo  /y^'wy 
9yj  s^uitj  ^p}vmixoi(f(fD  q)^u9(  iiou99s-^s9j  b  sBq  puiiin  pupw  aqi 

IBqi  )OBj  9qi  01  9np  si  ojuoj^jyip  siqi  jo  jJBd  9!8jb|  y  ’^!H)  spuury 

qsnpH  puB  ppix  A9(>iuBq  oq)  jo  9soq)  sb  )bdj/<  sb  99ia\)  A(9)BUi|xojddB 
9JB  piiiiiu  puiM  iiois{ndojd  jj  gj  OCl:lV  s)ii9Ui9JuibQj  J9.wod  aqx 

'spuuin  puiM  p9sop  iiBqi  j9A\od  Qjoui  IU93  jod  Qg  Ap^BUlI 
-xojddB  DJinboj  spiiuru  puiA\  diuosubjj  u9do  A||BUJBd  iBqi  Moqs  op  puun) 

saaNNax  (inim  oiNOSNvax  ao  sxNawaaiabaa  aaMoa 


TRANSONIC  WIND  TUNNEL  TESTING 


Haines,  A.  B.  and  Jones,  J.  C.  M.  “The  Centre-Line  Mach  Number  Distributions 
and  Auxiliary  Suction  Requirement  for  the  A.R.A.  9  ft  X  8  ft  Transonic 
Wind  Tunnel.”  Aircraft  Research  Association  Ltd.  (G.B.),  .\R.\-R-2,  April, 
1958. 


BIBLIOGRAPHY 

Chew,  V\'.  L.  “Experimental  and  Theoretical  Studies  on  Three-dimensional  Wave 
Reflection  in  Transonic  Test  Sections — Part  III:  Characteristics  of  Perforated 
Test-Section  Walls  with  Differential  Resistance  to  Cross  Flow.”  AEDC  TN-55- 
44,  March,  1956. 

Czarnecki,  a.  W\  “Data  Report — Boeing  Wind  Tunnel  Test  No.  120 — Test  No.  3 
of  the  Slotted  Test  Sections  in  the  1/20  Scale  Model  Wind  Tunnel  with  a  1  wo- 
Stage  Compressor.”  Boeing  Airplane  Co.,  D-9626,  March  30,  1950. 

Dick,  R.  S.  “Calibration  of  the  PWT  16  ft  Transonic  Circuit  With  an  Aerodynamic 
Test  Cart  Having  20  per  cent  Open  Perforated  Walls  and  Without  Plenum 
Auxiliary  Suction.”  AEDC  TN-5a-24,  June,  1958. 

Dick,  R.  S.  “Calibration  of  the  16  ft  Transonic  Circuit  of  the  Propulsion  W’ind 
Tunnel  with  an  Aerodynamic  Test  Cart  Having  6  per  cent  Open  Inclined-Hole 
Walls.”  AEDC  TN-5a-90,  November.  1958. 

Estabrooks,  B.  B.  and  Milillo,  J,  R.  “Aerodynamic  Performance  of  the  AEDC- 
PWT  Transonic  Circuit  Compressor.”  AEDC-TR-57- 1 5,  October,  1957. 

Gardenier,  H.  E.  “Description  of  the  Transonic  Model  Tunnel — .\mold  Engineer¬ 
ing  Development  Center.”  AEDC-TR-54-70,  May,  1955. 

Nichols,  J.  H.  “An  Investigation  of  the  PWT  Transonic  Circuit  Full  Test  Cart 
with  Inclined-Hole  Perforated  Walls  and  without  Plenum  Auxiliary  Suction.” 
AEDC-TN-58-86,  October,  1958. 

Ritchie,  W.  S.  and  Pearson,  A.  O.  “National  Advisory  Committee  for  Aeronautics 
Calibration  of  the  Slotted  Test  Section  of  the  Langley  8  ft  Transonic  Tunnel  and 
Preliminary  Experimental  Investigation  of  Boundary  Reflected  Disturbances.” 
NACA  RM  L51K14,  July  7,  1952. 

Taylor,  H.  D.  “Small-Scale  Studies  of  a  Porous  Wall  Transonic  Test  Section  in 
Combination  with  a  Laval  Nozzle,  Concluding  Report.”  United  .Aircraft  Corp., 
R-95434-19,  .\pril  4,  1952. 

Ward,  V.  G.,  Whitcomb,  C.  F.,  and  Pearson,  M.  D.  “An  NACA  Transonic  Test 
Section  with  Tapered  Slots  Tested  at  Mach  Numbers  to  1.26.”  N.*\CA  RM 
L50B14,  March,  1950. 


382 


CHAPTER  15 


LIST  OF  TRANSONIC  WIND  TUNNELS  AND 
THEIR  MAIN  CHARACTERISTIC  DATA 

The  list  of  transonic  wind  tunnels  presented  in  this  section  has  been  accu¬ 
mulated  on  the  basis  of  information  contained  in  the  published  literature. 
Due  to  this  fact,  all  those  wind  tunnels  for  which  such  information  was  not 
available  are  omitted  from  this  summary’  list. 

Abbreviations  used 

AEDC  .Arnold  Engineering  Development  Center 
ARA  .Aircraft  Research  Association 
DTMB  David  Taylor  Model  Basin 
MI'r  Massachusetts  Institute  of  Technology 

NACA  National  Advisory  Committee  for  Aeronautics  (now  National 
Aeronautics  and  Space  Administration — NASA) 

NAMTC  Naval  Air  Missile  lest  Center 
NLE  National  Luftvaart  Laboratoriiim 
NPE  National  Physical  Laboratory 

ONERA  Oflicc  National  d’fitudes  et  de  Recherches  Aeronautiques 
RAE  Royal  .Aircraft  Establishment 
W.ADC  Wright  Air  Development  Center 
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Transonic  Wind  Tunnels 


Test- 

1  Test- 

Mach 

1  Intermittent 

Horsepower 

Tunnel 

Location 

Owner- 

section 

1  section 

number 

Pressur¬ 

1  or 

a.  Main 

Special 

designation 

operator 

dimension 

type 

range 

ized 

1  continuous 

b.  Auxiliary 

1 

capabilities 

Belgium 
TCEA  51 

Rhode- 

TCEA 

40  x  40  cm 

Slotted 

0-1.2 

1 

No 

1 

1  Continuous 

a.  615  kVV 

St.  Gen^sc 

(2  walls) 

1 

(diffuser 

suction) 

France 

S.MA 

Modane 

ONERA 

8  m 

No 

Continuous 

[  a.  1 10,000 

ONERA  S.5 

Ch&tillon 

ONERA 

20  X  30  cm 

Slotted 

0.7-1.28 

No 

Continuous 

a.  870  kW 

Sud-Aviation 

Suresnes 

Sud- 

40  X  40  cm 

Perforated 

0.7-1.65 

Yes 

Intermittent 

a.  120 

40  cm 

Aviation 

compressor 
air  inject 
drive 

Netherlands 

N.L.L. 

Amsterdam 

NLL 

2.0  X 

Slotted 

Subsonic 

Yes 

Continuous 

i  a.  20,000 

High-speed 

1.6  m 

(2  walls) 

to  1.3 

Tunnel  9 
N.L.L. 

Amsterdam 

1  NLL 

0.42  X 

Slotted 

0-1.0 

No 

Continuous 

a.  1200 

Model  of 

Tunnel  8 

1 

1 

0.55  m 

(2  walls) 

Tunnel  No.  9 

UK. 

1 

1 

1 

ARA  Co-op 

Bedford 

Aircraft 

9x8  ft 

Perforated 

0-1.4 

No 

Continuous 

1  a.  25,000 

Four  walls  per¬ 

Research 

b.  12,000 

forated  with 

Assoc  tn. 

flexible  nozzle 

Short  Bros. 

Belfast 

Short  Bros. 

2.5  X 

1  0-1.2  1 

&  Harland 
2.5  ft 

&  Harland 

2.5  ft 

1 

1 
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Transonic  Wind  Tunnels  (contd.) 


1 

Tunnel 

designation 

Location 

Owner- 

operator 

Test- 

section 

dimension 

Test- 

section 

type 

Mach 

number 

range 

Pressur¬ 

ized 

1 

Intermittent 

or 

continuous 

Horsepower 

a.  Main 

b.  Auxiliary 

Special 

capabilities 

U.K. 

1 

(contd,) 

A.  V.  Roc 

Manehester 

A.  V.  Roe 

20x20  in. 

0.4-1. 6 

20  in. 

English  Elec- 

VVarton 

English 

18x18  in. 

Slotted 

0-1.6 

trie  18  in. 

Eleetric 

English  Elec- 

VVarton 

English 

12x12  in. 

Slotted 

0-1.1 

trie  12  in. 

Electric 

1 

Dc  Havilland 

Hatfield 

Dc 

2x2  ft 

1.0- 1.6 

1 

2  ft 

Havilland 

RAE  8  ft 

Farnborough 

RAE 

8x6  ft 

Slotted 

0.8-1.25 

Yes 

Continuous 

a.  12,000 

(4  walls) 

b.  8,000 

RAE  2  ft 

Farnborough 

RAE 

2x1.5  ft 

Slotted 

0-1.4 

No 

Continuous 

a.  8,000 

Provision  for 

(4  walls) 

b.  diffuser 

perforated 

suction 

walls 

RAE  3  ft 

Bedford 

RAE 

3x3  ft 

Slotted 

0.9-2.0 

Yes 

Continuous 

a.  16,000 

(4  walls) 

b.  diffuser 

suction 

NPL  25  in. 

Teddington 

NPL 

25x20  in. 

Slotted 

0-1.2 

No 

Intermittent 

Injector 

Solid  liners  for 

Mach  1.0- 1.8 

NPL  36  in. 

Teddington 

NPL 

36  X  14  in. 

Slotted 

0-1.2 

No 

Intermittent 

Injector 

Solid  liners  for 

Mach  1.0-1. 8 

NPL  18  in. 

Teddington 

NPL 

18  X  14  in. 

Slotted 

0-1.2 

Yes 

Intermittent 

Injector 

.Solid  liners  for 

3  atm 

Mach  1.0- 1.8 

NPL  20  in. 

Teddington 

NPL 

20x8  in. 

Slotted 

0-1.2 

No 

Continuous 

Injector 

5k)lid  liners  for 

1 

1 

Mach  1.0-1. 6 
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Transonic  Wind  Tunnels  (contd.) 


Tunnel 

designation 

Location 

Owner- 

operator 

Test- 

section 

dimension 

Test- 

section 

type 

Mach 

number 

range 

Pressur¬ 

ized 

Intermittent 

or 

continuous 

Horsepower 

a.  Main 

b.  Auxiliary 

Special 

capabilities 

USA. 

• 

United 

£.  Hartford, 

UAC 

17x17  in. 

Perforated 

0.6-1. 5 

Yes 

Intermittent 

a.  1,250 

Aircraft 

Connecticut 

Research 

(slotted) 

17xl7in. 

Dept. 

transonic 

NACA 

Cleveland, 

NACA 

8x6  ft 

Perforated 

0.6-2. 1 

No 

Continuous 

a.  87,000 

Propulsion 

8x6SS 

Ohio 

b.  8,850 

testing 

NACA  8  ft 

Langley  Field, 

NACA 

7.1  x7.1  ft 

Slotted 

O.S-1.3 

Yes 

Continuous 

a.  22,500 

transonic 

Virginia 

b.  8,000 

pressure 

NACA  16  ft 

Langley  Field, 

NACA 

15.5  X 

Slotted 

0.2-1.  !♦ 

No 

Continuous 

a.  60,000 

transonic 

Virginia 

15.5  ft 

b.  35,000 

NACA  19  ft 

Langley  Field, 

NACA 

16x16  ft 

Slotted 

0-1.15 

Yes 

Continuous 

a.  20,000 

Flutter  and 

Virginia 

b.  8,000t 

aeroelasticity 

(available  1958) 

NACA  Ames 

Moffett  Field, 

NACA 

llxllft 

Slotted 

0.75-1.5 

Yes 

Continuous 

a.  180,000 

Unitary 

California 

b.  19,350 

NACA  14  ft 

Moffett  Field, 

NACA 

13.5  X 

Slotted, 

0.6- 1.2 

No 

Continuous 

a.  110,000 

transonic 

California 

13.5  ft 

perforated 

b.  2,000 

NACA 

Moffett  Field, 

NACA 

6  x6  ft 

0.6-2.4 

Yes 

Continuous 

a.  60,000 

6x6  ft 

California 

b.  5,950 

NACA 

Langley  Field, 

NACA 

2x4ft 

0-1.2 

Yes 

Continuous 

a.  1,500 

Flutter 

Flutter 

Virginia 

•  Af, 


1.1  obtained  without  auxiliary  suction. 


t  The  auxiliary  suction  is  presently  not  available. 
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Transonic  Wmd  Tunnels  {contd.) 


Tunnel 

designation 

Location 

Owners 

operator 

Test- 

section 

dimension 

1 

Test- 
section  1 
type 

Mach 

number 

range 

Pressur¬ 

ized 

Intermittent 

or 

continuous 

Horsepower  1 

a.  Main 

b.  Auxiliary 

Special 

capabilities 

USA, 

{contd,) 

NACA 

Langley  Field, 

NAOA 

9  X  12  in. 

0.7-1. 9 

Yes 

Intermittent 

Blowdown 

9x12  in. 

Virginia 

SS 

NACA  26  in. 

Langley  Field, 

NACA 

26  in. 

0.7-1. 4 

Yes 

Intermittent 

Blowdown 

Flutter 

transonic 

Virginia 

Octagon 

NACA 

Moffett  Field, 

NACA 

24x24  in. 

0.0-1. 4 

Yes 

Continuous 

a.  4,000 

g  2x2  ft 

California 

NACA 

Moffett  Field, 

NACA 

12x35  in. 

0.3-1.05 

No 

Continuous 

a.  2,000 

1  x3.5ft 

California 

WADC  10  ft 

WPAFB, 

US/\F 

10  ft 

Slotted, 

0-1.24 

Yes 

Continuous 

a.  40,000 

transonic 

Dayton, 

perforated 

b.  13,000 

Ohio 

1 

1 

NAMTC  16  ft 

Pt.  Mugu, 

U.S.  Navy, 

16x16  in. 

Slotted 

0-1.6 

Yes 

Continuous 

1  a.  15,500 

aerodyna¬ 

California 

University 

b.  760 

mic  test 

of  South 

division 

California 

Brown 

Providence, 

Brown 

9  x9  in. 

Slotted, 

0.25-2.0 

No 

Continuous 

a.  550 

University, 

Rhode  Island 

University 

perforated 

b.  40 

transonic 

Boeing, 

Seattle, 

Boeing 

8  X  12  ft 

Slotted 

0-1.2 

No 

Continuous 

a.  54,000 

transonic 

Washington 

Airplane 

b.  700 

Co. 
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Transonic  Wind  Tunnels  [contd,) 


Tunnel 

designation 

Location 

Owners 

operator 

Test- 

section 

dimension 

Test- 

section 

[  1 

Mach 

number 

range 

Pressur- 

Intermittent 

or 

continuous 

Horsepoiver 
a.  Main 
\  b.  Auxiliary  ^ 

1  Special 

1  capabilities 

U.S.A, 

1 

1 

1 

{contd.) 

Cornell  Aero 

Buffalo, 

USAF- 

8x8  ft 

Perforated 

0-1.3 

Yes 

Continuous  ! 

a.  22,500  ' 

High-speed 

Lab.  8  ft 

New  York 

CAL 

1 

b.  5,800 

dynamometer 

transonic 

1 

1  for  supersonic 

propeller  testing 

N.  American 

Los  Angeles, 

North 

7x7  ft 

Perforated 

0.2-3.5 

Yes 

Intermittent 

a.  10,000 

trisonic 

California 

American 

MIT, 

Cambridge, 

MIT 

22  in. 

1 

1  0.5- 1.3 

Yes 

Intermittent 

a.  150 

transonic 

Mass. 

Octagon 

b.  6 

blowdown 

N.  American 

Los  Angeles, 

North 
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High  Reynolds 
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1  b.  47 
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University 

12x16  in. 
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0-1.3 

No 
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a.  3,800 

12x16  in. 

Res.  Lab., 

of 

wall 

b.  1,000 

transonic 

Minneapolis, 

Minnesota 

1 

Minnesota 

AEDC  12  in. 

Tullahoma, 

USAF^ 

12x12  in. 

Perforated, 

'  0.5-1. 5 

Yes 

1  Continuous 

a.  2,000 

transonic 

Tennessee 

ARO,  Inc. 

slotted 

AEDC-PWT 

Tullahoma, 

USAF- 

16x16  ft 

Perforated 

0.5- 1. 6 
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a.  216,000 

Propulsion 

(transonic 

Tennessee 

ARO,  Inc. 

b.  180,000 
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No 
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U.S.  Navy 

7  X  10  ft 
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0.2-1. 2 
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Maryland 

b.  5,400 

Southern 

1 

California 

Cooperative 

Pasadena, 
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7.5  X 

Slotted 

0-1.30 
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1  a.  40,000 

Wind 

of 

9.75  ft 

4  atm 

Tunnel, 

1  California 

Technology 

1 

transonic 

1 
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Douglas, 

1 

1 

Southern 

Convair, 

!  8.5  X 

California 

1 

North 

Solid 

0-1.75 
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a.  40,000 

Cooperative 

Pasadena, 

American, 

1  11.25  ft 

except 

4  atm 

Wind 

California 

1  McI>onnell 

near 

i 

Tunnel, 

subsonic 

(owners) 

i 

Mach  1.0 
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CHAPTER  16 


CONCLUDING  REMARKS 

The  preceding  review  of  transonic  wind  tunnel  testing  techniques  indicates 
that  during  the  last  fifteen  years  remarkable  progress  has  been  made  in 
providing  reliable  and  economical  transonic  test  facilities.  Numerous 
complex  and  detailed  problems  have  been  subjected  to  extensive  and 
thorough  investigation,  both  in  the  theoretical  as  well  as  experimental 
fields.  As  a  result  of  these  efforts,  the  reliability  and  the  test  limits  of  modern 
transonic  wind  tunnels  have  been  enough  improved  to  provide  the  aero¬ 
dynamic  data  required  for  the  design  of  airplanes  and  other  vehicles. 

The  preceding  review  also  indicates  that  in  many  areas  compromise 
solutions  in  wind  tunnel  design  have  been  accepted  in  order  to  arrive  at 
timely,  economical,  and  feasible  systems.  For  example,  the  slotted  or 
perforated  walls  of  modern  wind  tunnels  satisfy  the  requirements  of  a  com¬ 
plex  model  only  as  far  as  the  mean  boundary  conditions  arc  concerned. 
Undoubtedly,  further  research  is  required  in  order  to  provide  greater 
knowledge  of  the  detailed  aerodynamic  laws  involved.  Furthermore,  even 
in  the  present  state  of  the  art  when  the  relative  size  of  a  model  in  a  transonic 
wind  tunnel  is  comparable  with  that  of  models  in  regular  subsonic  wind 
tunnels,  more  information  is  desired  to  determine  whether,  in  tests  of 
complex  models,  the  relative  wind  tunnel  size  can  be  reduced  further  than 
is  the  practice  today. 

It  is  also  apparent  that  most  transonic  testing  techniques  have  been 
evolved  by  experimental  means.  Nonetheless,  despite  the  fact  that  wind 
tunnels  are  experimental  tools,  it  is  still  desirable  to  develop  the  supporting 
theory.  However,  a  formidable  obstacle  to  such  development  exists  due  to 
the  well-known  difficulties  produced  by  the  mixed-ty  pe  transonic  flow,  and 
due  to  the  interaction  between  the  potential  flow  and  the  lx>undar\'  layer. 

The  transonic  wind  tunnel  has  been  in  the  forefront  of  test  facilities 
during  the  last  several  years  while  the  first  research  or  military  aircraft  were 
being  developed  to  fly  safely  through  the  transonic  range.  This  period  of 
airplane  development  is  past.  The  forefront  of  the  effort  lies  now  in  the 
high  supersonic  and  hypersonic  fields  as  far  as  military  aiq^lane  develop¬ 
ment  is  concerned.  However,  even  for  advanced  supersonic  aircraft  and 
space  vehicles  transonic  aerodynamic  problems  remain  to  be  solved  during 
the  launch  and  re-entry  phases.  Thus,  even  in  the  military  field,  the  con¬ 
tinuous  availability  of  transonic  wind  tunnels  is  required.  This  is  particularly 
true  because  no  relief  is  expected  from  a  satisfactory  transonic  theory  in  the 
foreseeable  future. 

As  in  previous  periods  of  airplane  development,  commercial  aircraft  will 
gradually  move  into  the  speed  range  which  has  been  successfully  explored 
and  left  behind  by  military  aircraft.  Since  economical  operation  is  consid¬ 
erably  more  important  for  commercial  than  for  military  aircraft,  transonic 
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wind  tunnels  wilJ  experience  another  p>eriod  of  extraordinary  significance. 
This  second  period  will  end  only  after  the  commercial  airplane  has  left  the 
transonic  sf>ced  range  behind  and  moved  towards  supersonic,  or  possibly 
even  hypersonic,  velocities.  However,  because  these  aircraft,  too,  must  fly 
through  the  transonic  speed  range  during  their  acceleration  or  deceleration 
phase  the  transonic  wind  tunnel  will  always  remain  as  a  necessary  support¬ 
ing  test  facility. 
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AEDC  (see  Arnold  Engineering  Develop¬ 
ment  Center) 

Aerodynamic  Research  Institute,  Goettingen 
(Ciermany),  7 

AGARD  calibration  Model  B,  21 1,  222 

AGARD  calibration  Model  C,  218, 
222*226 

/Vircraft  Research  /Xssociation  (Gt.  Britain), 
9  X  8ft.  tunnel,  128,  130,306-310, 
324,  380 

.\irfoils,  two-dimensional, 
flow  calculations  in, 
closed  tunnel,  51-53 
free  Bight,  51-53 

flow  disturbances  in  slotted  tunnels,  274 
lift  coefficient  effect  of,  119 
pressure  distribution  of, 

in  closed  tunnel,  53,  111,  112 
in  slotted  tunnel,  1 14-1 17 
test  results  from, 

closed  tunnel,  109-113 
slotted  tunnel,  113,  116-119 
slotted  tunnel  compared  with  theory'  for 
M=  1,  113-116 
vortex  formation,  59 

.Airplane  models  (sec  also  .AG.ARD  calibra¬ 
tion  models  B  and  C,  and  Wing- 
body  configurations), 
in  flow  non-uniformity,  200-202 
in  perforated  tunnels,  223,  226-230 
in  wind  tunnel  and  free  flight,  comparison, 
229-233 

/Airplanes, 

Bell  X-l,24.  25 

comparison  of  free  flight  and  tunnel  data, 
229-234 
DC-2,  4 
drag, 2 
Hc-70,  6 
Hcinkcl  178,  9 
in  free  flight, 
sonic  flow,  37-39 
subsonic  flow,  32-37 
supersonic  flow,  39 
Messerschmitt  262,  9 
North  American  F-llOA,  27,  29 
P-51D,  15 
Wright  Brothers’,  3 

Arnold  Engineeering  Development  Center, 

1  ft  transonic  model  tunnel,  70,  123,  157, 
178,  184,  185,  190,  191,  193-195. 
197,  203,  217,  256,  265,  269,  270, 
272,  275,  305,  311,  312,  322,  323, 
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325,  327,  331,  346,  347,  349, 
351-354,  357-361,  363-373,  375, 
379 

16  ft.  transonic  wind  tunnel,  27,  28,  123, 
190,  195,  217,  311-312,  326-330, 
379,  380 

Bodies  of  revolution  (see  Ck)nc-cylindcr, 
C>>nc-ogive,  and  Conc-ogive-cylin- 
der  models), 

Boeing  Airplane  Company,  (4-8  x  7*2  in.) 
X  9  in.  wind  tunnel,  376,  377 

Boundary  layer  growth, 

in  perforated  tunnels,  334-352 
in  slotted  tunnels,  352,  355 

Brown  Univenity, 

4  X  8  in.  wind  tunnel,  337,  339 
7-1/2  X  9  in.  wind  tunnel,  109 

Chalais-Meudon  (France), 
open-circuit  wind  tunnel,  5 

Choking,  wind  tunnel,  10,  11,  23 
boundary  layer  effects  on,  18,  19 
definition  of,  75 

in  closed  tunnel,  48-52,  90, 91,  318 
in  partially  open  test  sections,  319, 320-322 
in  slotted  tunnels,  115,  211 
prevention  of  by  re-entry  flaps  in  diffuser, 
373 

Compressibility  effect,  7,  54,  55 

Compression  waves,  25,  26,  43,  136-138, 
144,  155-157,  167,  169,  178-181, 
301,  302 

Cone-cylinder  models, 
flow  disturbances, 
calculadons,  167-170 
in  perforated  tunnel,  170-174 
in  perforated-slotted  tunnel,  176-178 
in  slotted  tunnels,  174-176 
test  results, 

in  perforated  tunneb,  comparison, 
123-125 

in  perforated  tunneb,  178-182,  184 
in  perforated  tunnel  with  inclined  holes, 
184,  190,  191,  197 
in  slotted  tunnels,  184,  185 

with  inclined-hole  perforated  cover 
plates,  187,  189 

with  perforated  cover  plates,  187,  188 
in  supersonic  flow,  167,  168 
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C^nc-ogivc  mocirls, 

NACA  RM-IO,  170,  71,  177 
Conc-ogivc-cylindcr  models,  pressure  distri¬ 
bution  in  inclined-hole  perforated 
tunnels,  195,  19G 

Cornell  Aeronautical  Lal)oratorv,  Inc.,  147 
1  X  1  ft.  tunnel,  227-230 
3x4ft.  tunnel,  227-233 
7  ft.  tunnel,  46,  47 
12  ft.  tunnel,  228,  229 
Cross-fU»w  characteristics, 

in  perforated  tunnels,  171-174,  183,  240, 
248-262.  266-270,  275-279 
in  perforated  tunnels  (inclined  hole),  183, 
238,  240, 263  270,  273,  279 
in  |x>roiis  tunnels,  237 
in  slotted  tunnels  (longitudinal)  174-178, 
270-275 

in  slotted  tunnels  (transverse),  240-248 

DilTu-sers,  wind  tunnel, 
suction,  362-364 
with  re-entry  (laps.  371,  374-377 
Drag,  aerodynamic,  2,  4 
Drop  tests,  11,12 
DV'I^,  Berlin  ((Jermany), 

2*7  m  diam.  high-speed  wind  tunnel,  8,  9 
drop  tests.  1 1 

“educated  hole’*,  254-256 
Kxpansion  waves, 

cancellation,  25,  26,  140,  155-158,  178 
redection,  43,  51,  136-140,  144,  149,  150, 
167-169,  173,  179^  181,  186 
Flow  establishment, 
general,  282,  283 

in  perforated  tunnels,  283,  285-296, 
300-312 

in  slotted  tunnels,  282,  296  -300,  312-318, 
323,  324 

Institut  A^ronautique,  Saint-Cyr  (France), 
closed  wind  tunnel  with  movable 
inserts,  17 

Kutta  condition.  241,  247 
Missiles,  Sergeant,  28 

N.\CA  RM-IO  model  (see  Cone-ogive 
models) 

National  Advisory  (Committee  for  Aero¬ 
nautics,  7,  9,  14,  23,  61,  281,  351 
Ames  16  ft  tunnel,  17,  24 
Langley  Field, 

annular  transonic  tunnel,  13,  14 
3  X  3  in.  tunnel,  350 
6-25  X  4-50  in,  tunnel,  209,  210 
12  in.  tunnel,  378 
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7  X  10  ft  tunnel,  16,209,211 

8  ft  tunnel.  211,  213-215,  231,  232, 

316.317.  374,  375,  378,  380 
I^wis  8  X  6  ft  tunnel,  27 

I6ft  tunnel.  120, 121,  123,213-215, 29(>. 
314  316,  352,  378,  380 
30  X  60  ft  tunnel,  4,  5 

National  Physical  Laboratory  (Gt.  Britain), 
7-1/2  X  3  in.  tunnel,  1 16 
20  X  8  in.  tunnel,  1 16 

Nozzles,  wind  tunnel, 
contouring,  4 
sonic, 

power  requirements  with,  309,  312,  323 
wave  patterns  in,  303 
supersonic,  305 

flow  establishment  with,  309,  312,  323 
power  requirements  with  370-372 

Otiobrun  ((iermany), 

7  ft  high-!ipeed  wind  tunnel,  46 

Perforate<l  test  section  walls  (straight  hole), 
ACJARD  m(Klcl  B  test  results,  comparison 
with  interference-free  data,  217, 
219-222 

ACiARD  model  («  test  rcs\ilts,  comparison 
with  interference-free  data,  218, 
219,  223-227 

airplane  model  aenxlynamic  character¬ 
istics,  comparison  with  flight  test 
results,  230  -232 

comparison  with  interference-free  data, 
222,  227-229 
boundary'  layer  growth, 

displacement  thickness,  348-352 
influence  of  open-air  rauo,  349 
influence  of  wall  setting,  351 
mass-flow  removal  requirements,  com¬ 
parison  between  theory  and  experi¬ 
ment,  350,  351 
ex  j>eri  mental,  343-346 
theoretical,  337-339,  342-345 
refined  theory,  339-343 
theoretical  calculations,  334-337 
vclcK-ity  profiles,  346,  347 
calibration,  329-331 
characteristics, 
basic,  86 

in  iscntropic  and  viscous  flows,  88 
of  thick  walls,  238-239 
of  thin  walls,  238-240 
pressure  drop  through  cross  flow,  86-88 
cone-cylinder,  test  results,  178-182 
cross-flow  characteristics, 
at  M  =  0-90,  183 

comparison  with  inclined-hole  wall,  266 
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Perforated  test  section  walls,  (straight  hole) 
— continutd 

cross  flow  characteristics — continued 

flow  disturbances  produced  by  holes. 
275-279 

influence  of  boundary  layer  thickness, 
267-270 

influence  of  hole  size,  260,  261 
influence  of  Mach  number,  251-255, 
261,  262 

of  various  tv-pes  of  perforations,  249-25 1 , 
254 

pressure  drop  calculations,  86,  240,  250 
test  results,  248-256 
with  “educated  holes**,  254-256 
disadvantage  in  subsonic  flow,  25, 89, 91 
early  development,  25-29 
expansion  wave  cancellation,  157 
flow  l>ehind  lifting  wing,  107,  108 
flow  distortion,  8^91 
flow  disturbances,  one  wall,  due  to  model 
displacement,  98-100 
flow  disturbances,  two  walls,  calculation, 
100,  101 

due  to  model  displacement,  101-103 
flow  establishment,  subsonic,  Mach  num» 
l>cr  distribution,  285-296 
mass  flow  removal  requirements,  320, 325 
test  section  venting,  283 
flow  establishment,  supersonic, 

effects  of  mass  flow  removal,  30 1 ,  303 
theory,  300-303 
with  sonic  nozzle,  303-308 
with  supersonic  nozzle,  309-312 
fuselage  test  results,  comparison  with 
closed  tunnel  data,  123,  124 
model  disturbances  compared  with 
cross-flow  characteristics,  171-174 
cone-cylinder  model,  167-174 
cone-ogivc-cylindcr  model,  171, 173 
NAa\RM-10  model,  170, 171, 172 
three-dimensional  models,  general, 
174 

wcdge-flate-plate  model,  171,  172 
performance,  25-30 
power  requirements, 

full  scale  Umnels,  379,380 
influence  of  auxiliary  plenum  chaml>cr 
suedon,  356,  357 
influence  of  hole  size,  368,  369 
influence  of  model  size,  369 
influence  of  open-area  ratio,  366-368 
influence  of  wall  setting,  364-366 
model  tunnels,  379 

with  auxiliary  plenum  chamber  and/or 
diffuser  suction,  362-364 
with  sonic  nozzles,  370,  371 
with  supersonic  nozzles,  370,  371 
without  auxiliary  plenum  chamber 
suction,  358-362 
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shock  wave  cancellation  thcor>',  142-144 
shock  wave  reflections,  207,  209 
boundary  layer  influence,  153-155 
partial,  155,  156 
test  results,  qualitative,  147-149 
test  results,  quandtadvc,  149-153 
velocity  correcdons,  circular  tunnel, 
calculation,  103,  104 
model  displacement  and  lift,  104-106 
velocity  correcdons,  one  wall,  92-97 
Mach  number  influence,  97,  98 
wing  without  lift,  98 ’100 
wing-body  test  results,  128-130 
comparison  with  closed  tunnel  data, 
125-128 

comparison  with  interference-free  data, 
204,  207 

Perforated  test  secdon  walls  (inclined  hole), 
calibradon,  326-331 
characteristics,  181-183 
cone-cylinder  lest  results,  123-125,  181— 
184 

at  various  Mach  numl^ers,  190,  191 
w'ith  various  blockage  ratios,  192-197 
with  various  open-area  rados,  191,  192 
conc-ogivc-cylinder  test  results,  195,  196 
cross-flow  characteristics, 
at  M  =  0-90,  183 

comparison  with  straight  hole  wall,  262 
flow  disturbances  produced  by  holes, 
278,  279 

influence  of  boundary  layer  thickness, 
267-270 

influence  of  hole  diam  vs.  plate  thick¬ 
ness,  265,  267 

influence  of  hole  inclinadon  angle, 
263-265 

influence  of  Mach  number,  269 
pressure  drop  of  thick  walls,  238-240 
pressure  drop  of  thin  walls,  238,  239 
definition  of,  269 

expansion  wave  cancellation,  157,  158 
model  disturbances, 

compared  with  cross-flow  character- 
isdes,  171-174 

cone-cylinder  model,  172,  173 
NACA  RM-IO  model,  173,  174 
three-dimensional  models,  general,  174 
wedge-flat-plate  model,  171,  172 
power  requirements, 

full-scale  tunnels,  378-381 
model  tunnels,  378,  379 
wall  interference,  wave  reflection,  157,  158 
wing-body  test  results,  125-130 
Porous  test  sccdon  walb, 

cross-flow  charactenstics,  237 

performance,  25 

pressure  drop  in  cross  flow,  88 


394 


INDEX 


Power  rcquireinenls,  wind  tunnel,  U 
AEDC  16  ft  transonic  tunnel,  27,  379 
air  bleed  in  scheme  for,  2 1 
for  perforated  wall  tunnels,  356-372,  378, 
379 

for  slotted  wall  tunnels,  371-381 
for  Wicselbcrger-typc  tunnels,  57,  58 
in  full-scale  tunnels,  378  -381 
in  model  tunnels,  378,  379 
Proj)eller  dynamometer  installation,  47 


Rotating  rigs,  12,  14 


Saint-Cyr  (France)  (sec  Institut  A^ro- 
nautique,  Saint-Cyr) 

Screens,  turbulence,  4,  19 
Secondary  How  fields,  185-187 
Shock  wave  cancellation,  25 

in  inclined  hole  perforated  tunnels,  157, 
158 

in  oblique  supersonic  flow,  161 
thcor>'  for  |)erforatcd  tunnels,  142-144 
theory  for  slotted  tunnels,  140,  141 
Shock  wave  reflection,  1 7,  26,  43 
cancellation  in  perforatetl  tunnels,  com¬ 
pared  with  theory,  147-153 
cancellation  in  slotted  tunnels,  compared 
with  theory,  144-147 
effect  of  lx>undar>'  layer  in  perforated 
tunnels,  153-156 

cflfcct  of  open-area  ratio,  151,  152 
effect  of  outflow  and  inflow,  partially  open 
tunnels.  139,  140 
in  closed  tunnel,  49-51,  136 
in  open-jet  tunnels,  1 36 
in  partially  open  tunnels,  136-139 
Shock  waves, 

delayed  movement  at  sonic  speed,  134 
fluctuations,  59 

stabilization  with  sonic  throat,  60 
Slotted  test  section  walls  (longitudinal) 
airfoil  test  results,  113-115 

comparison  with  closed  tunnel  data, 
116-120 

comparison  with  open-jet  tunnel  data, 
118-120 

comparison  with  theory,  M  =*  1 ,  113, 
115,  116 

basic  characteristics,  237 
blockage  correction  for  2-dimensional  air¬ 
foil,  117,  1 18 

Ixxlics  of  revolution  test  results,  compared 
with  free-fall  data,  120-123 
lx)undary  la>'er  growth,  displacement 
thickness,  354,  355 
velocity  profiles,  352-354 
cone-cylinder  test  results,  184-186 
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cross-flow  characteristics, 

flow  curvature  effect,  273-275 
in  oblique  flow,  many  slots,  271,  273 
in  oblique  flow,  one  slot,  270-272 
pressure  drop,  one  slot,  70,  71 
early  development,  21-24 
effectiveness, 

with  perforated  plates,  68,  70,  71 
with  protruding  slats,  68 
w'itliout  lift,  Mach  number  influence,  74 
flow  behind  lifting  wing,  106,  107 
flow  establishment,  subsonic, 

Mach  number  distribution,  282,  296- 
300 

test  section  venting,  296-300 
flow  establishment,  supersonic 
influence  of  slot  shape,  314,  315 
influence  of  wall  divergence,  316 
mass  flow  removal  requirements,  324, 325 
with  perforated  cover  plates,  316-318 
with  sonic  nozzle.  312-318 
with  straight  taper  slots,  312-314 
with  supersonic  nozzle,  312,  323,  324 
model  disturbances,  3-dimcnsional,  174, 
175 

oblique  supersonic  flow,  159,  160 
momentum  considerations,  161 
shock  wave  cancellation,  161 
power  requirements,  58 
full-scale  tunnels,  378,  380 
model  tunnels,  378 
with  mass  flow  removal,  371-373 
with  re-entry  flaps,  371,  374-377 
shock  wave  cancellation  theory,  140-142 
shock  wave  reflection,  test  results,  144-147 
velocity  corrections, 

as  function  of  open-area  ratio,  61,  67 
open-area  ratio  as  function  of  slot 
number,  66 

open-area  ratio  as  function  of  slot  spac¬ 
ing,  67 

slots  with  constant  width,  71,  72 
slots  with  varying  width,  72-74 
wall  interference, 

influence  of  slot  width,  65-67 
pressure  build-up,  62-65,  72,  73 
with  few  slots,  57,  59,  61 
with  many  slots,  61-63 
wing  test  results, 

comparison  with  interference-free  data, 
209-213 

wing-body  test  results, 

comparison  with  intcrfcrcncc-frcc  data, 
203-206,213-216 

comparison  with  perforated  tunnel  data, 
207,  209 

with  inclined  hole  perforated  plates,  187, 
189 
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Sloucd  test  section  walls,  (longitiidinal)-can/. 
with  lilting  wing,  circular  tunnel, 
flow  inclination  corrections,  76-83 
lift  influence,  75,  76 
Mach  number  influence,  84 
witli  movable  inserts,  17 
with  perforated  plates, 
characteristics,  68-71 
cone-cylinder  test  results,  187,  188 
flow  establishment  with,  316,  318 
model  disturbances,  175  178 
with  protruding  slats,  68,  69,  175 

Slotted  test  section  walls  (transverse), 
cross-flow  pressure  drop,  247-249 
oblique  supersonic  flow,  162,  163 
momentum  considerations,  163,  164 
shock  wave  cancellation,  163 
shock  wave  reflection,  partial,  164,  165 
one  transverse  slot, 

pressure  drop,  thick  wall,  247 
pressure  drop,  thin  wall,  240-243,  246, 
247 

several  transverse  slots,  243-245 

Test  techniques,  transonic, 
drop  tests,  1 1 
free-flight  tests,  11,  12 
rotating  rigs,  12-14 
transonic  bump,  15-17 
wing-flow  method,  14,  15 

Treflft/  theorem,  76,  107 

Test  section  walls,  transonic  (see  also  Perfor¬ 
ated,  Porous,  and  Slotted  test 

section  walls), 
basic  requirements,  236 
flow  estaldishment  problems,  282,  283 
flow  non-uniformities  in,  200-202 

Test  sections,  transonic  (sec  Perforated, 

Porous,  and  Slotted  test  sccUon 

walls  and  Wind  tunnels,  closed, 
open-jet,  and  partially  open). 

Transonic  bump.  15-17 

United  Aircraft  Corporation, 

flow  through  “educated  holes”,  255-256 
shock  wave  cancellation  studies,  144,  147, 
149 

two-stream  wind  tunnel,  19-21 

WADC  (sec  Wright  Air  Development 

Center) 

Wall  intcricrcncc, 
corrections, 

at  sonic  speed,  130-134 
in  closed  tunnels,  44-46,  48,  49,  51,  54, 
55 

in  open-jet  tunnels,  41-44,  49-51,  53, 
54 

in  partially  open  tunnels,  41,  54,  56 
in  test  sections,  subsonic  flow,  53-56 


Wall  interference— 

expansion  wave  canccllaUon.  157,  158 
flow  disturbances, 

three-dimensional  models,  167-198 
two-dimensional  models,  167-169,  171, 
172 

shock  wave  cancellation, 

in  perforated  tunnels,  142-144,  147-153, 
155,  156 

in  slotted  tunnels.  140-142,  144-147, 
163 

shock  wave  reflection, 

in  closed  test  sections,  136 
in  open-jet  test  sections.  136 
in  partially  open  test  sections.  136-139 
in  slotted  tunnels,  155-161 
Wcdge-flat-plaic  models,  flow  disturbances, 
calculations,  167,  168 
in  perforated  tunnel.  171.  172 
in  shock  wave  cancellation  studies,  1 44- 1 50 
Whirling-arm  method  (see  Rotating  rigs) 
Wiesclbcrger-type  wind  tunnel,  57,  58,  61 
Wind  tunnels  (see  also  Perforated,  Porous, 
and  Slotted  test  section  walls) 

closed, 

air  bleed-in  effects,  2 1 ,  22 
airfoil  test  results.  109- 1 13 

comparison  with  open-jet  tunnel  data, 
118-120 

comparison  with  slotted  tunnel  data, 
116-120 

boundary  layer  effects,  18-21 
choking,  18.  19.  48-52,  75,  90 
flow  establishment,  mass  flow  removal 
requirements,  boundarv*  layer 
growth,  318 

fuselage  test  results,  comparison  with 
p)erforatcd  tunnel  data,  123,  124 
model  size  effects,  10 
power  requirements.  58 
pressure  wave  control,  61 
shock  wave  rcflecUons,  136 
two-stream  tunnel,  19-21 
wall  interference,  subsonic  flow,  con¬ 
toured  walls,  46 

Mach  number  influence,  4<),  48,  49 
straight  walls,  44,  45 
velocity  corrections,  45,  54,  55 
wall  interference,  supersonic  flow,  Mach 
number  influence,  49,  51 
wave  reflections,  49-51 
wing-body  test  results,  comparison  with 
perforated  tunnel  data,  125-128 
with  contoured  walls,  4f) 
with  movable  sidewalls,  17,  178 
full-scale,  power  requirements,  380,  381 
high-speed, 
closed,  7-11 

compressibility  effect  in,  7 
open  jet,  1 1 
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Wind  ixmnch— continufd 
low-sp«xl, 
after  1930,  2-4 
before  1930.  2 

model  tunnels,  power  requirements,  378, 
379 

open-jet, 

airfoil  test  results, 

comparison  with  closed  tunnel  data, 
118-120 

comparison  with  slotted  tunnel  data. 
118-120 

power  requirements,  58 
shock  wave  reflections,  136 
wall  interference. 

Mach  number  influence,  42,  44 
subsonic  flow,  41,  42 
velocity  corrections,  41,  53,  54 
wave  reflections,  43,  49-51 
partially  open  (sec  also  Perforated,  Porous, 
and  Slotted  test  section  walls), 
l>oundary  conditions, 

with  cone-cylinder  model,  167-170 
with  NACA  RM-10  model,  170, 
171 

with  wedgc-flat-plate  model,  167,  168 
calibration.  325-331 
subsonic  flow,  326 
supersonic  flow,  327 
cross-flow  characteristics,  flow  require¬ 
ments,  236 

flow  establishment,  mass  flow'  removal 
requirements,  304 
l>oundary  layer  growth,  319 
comparison  of  slotted  and  perforated 
test  sections,  324,  325 


W'ind  tunnels, — flow  establishment — coni. 

influence  of  convergence  and  diverge- 
ence,  322 

influence  of  hole  size,  320,  322,  323 
influence  of  open-area  ratio,  322 
with  sonic  nozzle.  303-305 
shock  wave  reflections,  136-139 

influence  of  outflow  and  inflow,  139, 
140 

w'all  interference,  velocity  corrections, 
41,54,56 

with  supersonic  nozzles,  323,  324 
sonic,  130-134 
transonic,  list  of,  383-389 
Wing-body  configurations, 

aerodynamic  characteristics  in  slotted 
tunnels,  213-217 
force  measurements  in, 

perforated  tunnels,  128-130,  204,  207- 
209 

slotted  tunnels,  203,  204 
test  results,  perforatwl  tunnel,  129-134 
Wing-flow  technique,  14,  15 
Wings,  lifting, 

downwash  corrections, 
perforated  wall,  107,  108 
slotted  wall,  76,106,  107 
flow  inclination,  corrections  for,  76-83,105 
Wings,  semi-span,  aerodynamic  character¬ 
istics  in  slotted  tunnel,  209-213 
Wright  Air  Development  Center,  150,  156 
6  in.  supersonic  wind  tunnel,  145,  149 
10  ft  transonic  wind  tunnel,  17,  18,  21, 
22,  69,  203,  204,317,  318 
Wright  Brothers,  airplane,  3 
wind  tunnel,  2,  3 
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The  development  of  supersonic  airplanes  and 
missiles  has  rendered  obsolete  most  of  the 
knowledge  of  the  old-timer  in  aerodynamics 
and  is  now'  beginning  to  play  havoc  w'ith  the 
traditional  information  acquired  by  the  structu¬ 
ral  designer  and  analyst.  The  idea  of  publishing 
a  volume  on  the  structural  effects  of  high 
temperatures  caused  by  the  aercnlynamic 
heating  accompanying  supersonic  flight  origi¬ 
nated  with  Dr.  Frank  L.  Wattendorf,  Director 
of  AGARD,  and  the  contract  for  the  editorial 
work  was  awarded  to  the  Polytechnic  Institute 
of  Brooklyn. 

It  was  decided  that  the  dissemination  of  this 
information  could  best  be  accomplished  by 
persuading  outstanding  scientists  and  engineers 
to  survey  a  number  of  distinct  portions  of  the 
subject  and  to  write  review  articles  to  be 
incorporated  in  the  book  as  individual  chapters. 
This  volume  includes  new  and  unpublished 
results  as  well  as  summaries  of  available 
information. 

“The  book  is  well  printed  and  edited  and  the  dilTerent 
chapters  follow  a  planned  logical  sequence  dealing  with  the 
various  facets  of  the  structural  problem  at  elevated  tern* 
peratures.  Each  chapter  is  self-contained,  having  its  own 
notation  and  list  of  references  .  .  .  should  prove  of  use  to 
all  concerned  in  aircraft  design  and  considering  the  paucity 
of  books  on  this  subject  it  is  especially  welcome.” — 
D.  J.  Johns  in  Jtmrnut  of  The  Royal  Aeronautical  Society. 
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